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ABSTRACT
Conjugated polymers have attracted significant attention as the active layer material
in organic electronics, such as organic photovoltaics and light-emitting diodes, partly due
to the ability to influence a broad range of properties through structural design motifs.
However, high performance conjugated polymers suffer from numerous synthetic steps,
generation of toxic waste, and harsh reaction conditions all of which impart additional costs
that inhibit their widespread utilization. Therefore, an emphasis on reducing synthetic
complexity and utilizing abundant, commercially available starting materials is needed for
organic electronics to reach their full potential. Dihydropyrrolo[3,2-b]pyrrole (H2DPP)
chromophores offer a simple one-pot synthesis to access electron-rich scaffolds for
incorporation into a new class of conjugated polymers with tunable optoelectronic
properties. Motivated by the simple synthesis, ease of purification, and an overall lower
synthetic complexity for accessing monomers, dihalogenated H2DPP monomers are
synthesized and subsequently polymerized with electron-rich and electron-deficient
comonomers. Through the choice of comonomers, H2DPP polymers demonstrate facile
optical tunability, evident by absorbance and fluorescence across the visible spectrum.
Additionally, polymers demonstrate suitable thermal stability for standard processing
protocols and motivate exploration of film properties. The synthetic complexity of the
resulting polymers also is calculated and H2DPP copolymers are quantified to be
synthetically simpler compared to many conventional polymers used in solid-state and
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electrochemical applications. In total, this work shows that the incorporation of H2DPP
into polymeric materials simplifies the synthesis of conjugated polymers, maintains
tailorability through functionality and comonomer choice, and lays the foundation for the
continued development of a novel class of organic electronic materials.
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CHAPTER 1
INTRODUCTION

1

1.1 Background and Motivation
Conjugated polymers possess a broad range of tunable optical and electrochemical
properties that have attracted significant attention as active layer components in organic
electronics.1 They provide a potentially cost-effective alternative for accessing
electroactive materials compared to inorganic counterparts due to their potential solution
processability onto lightweight, flexible substrates, and inherently lower cost of reagents.1,2
Additionally, the donor-acceptor (D-A) approach, for example, allows for facile tunability
of optical and electrochemical properties for applications ranging from organic
photovoltaics (OPVs), organic light-emitting diodes (OLEDs), electrochromics, and biointerfacing devices.3–5 The donor-acceptor design motif is achieved by coupling an
electron-rich (donor) aromatic building block with an electron-deficient (acceptor)
aromatic building block in alternating succession.6 As depicted in Figure 1.1, D-A
polymers utilize orbital mixing between the donor and acceptor units which narrows the
optical bandgap and promotes intramolecular charge transfer (ICT). This design results in
the D-A polymer having the highest occupied molecular orbital (HOMO) contribution from
the donor and lowest unoccupied molecular orbital (LUMO) contribution from the acceptor
unit, which leads to the narrower energy bandgap. Unfortunately, current high-performance
D-A polymers are hindered by costly synthetic requirements, such as numerous synthetic
steps and/or air/moisture-free conditions for their respective monomeric units and
subsequent polymers.7,8 For conjugated polymers to become a more viable option for
widespread utility, accessing monomeric building blocks that are amendable to
polymerization needs to be simple and effective while maintaining the ability to introduce
diverse functionalities for attaining useful and sustainable materials.

2

Figure 1.1. Illustration of orbital mixing in a donor-acceptor conjugated polymer. Here, the
HOMO of the D-A copolymer is heavily influenced by the donor unit and the LUMO is
more reliant on the LUMO of the acceptor unit. Inspiration for this illustration was gained
from Reference 6.

Early designs of conjugated polymers consisted of simple structures when studies
primarily focused on understanding the properties of the doped polymer such as
poly(pyrroles) (PPy) and poly(phenylene vinylene) (PPV).1 Representative repeat unit
structures of these polymers are presented in Figure 1.2. In the 1990s, researchers began to
access copolymer design motifs with the introduction of Suzuki and Stille
polycondensations allowing for more diverse polymeric designs, thus, enabling utility in a
broader range of electronic applications. Notably in 2000, Heeger et al. received the Noble
Prize in Chemistry for establishing the first examples of a conducting poly(acetylene),
which motivated researchers to exploit robust chemistries to access more diverse structures
and pursue higher device efficiencies. Since then, polymers have expanded to incorporate
more complex molecules into the main chain to improve device performance such as higher
power conversion efficiency (PCE) in OPVs, high quantum yield for OLEDs, and ionic
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functionalities for aqueous compatability.2,3,9 As the field pursued higher device
performance, there was an inherent tradeoff between device performance metrics and the
synthetic complexity.10

Figure 1.2. (a) Structures of early homopolymer designs. (b) Copolymer design where blue
represents electron rich and red represents electron deficient moieties, respectively, of the
polymer repeat unit.

Researchers were motivated to improve device performance metrics while
neglecting the synthetic complexity of targeted polymeric systems. This has led to a
continuous increase in the complexity of molecular and polymer designs and, ultimately,
the number of steps it takes to access each unit.1,7 However, this degree of complexity had
no standardized metric(s) until Po and coworkers surveyed the synthesis of 100+
conjugated polymers and their respective building blocks to develop a set of parameters to
quantify the synthetic complexity (SC).10 This culminated in deriving Equation 1.1, which
defines a set of variables with each variable assigned an empirical coefficient based on
their relative impact on cost, such as labor, capital, and maintenance. The highest weighted
variable was the number of synthetic steps (NSS) as this can be the most time-consuming
process when synthesizing polymeric materials. The reaction yield was considered to have
the second highest impact as it is influenced by the cost of the raw materials and calculated
by the reciprocal yield (RY) in Equation 1.1. The number of unit operations (NUO), such
as recrystallization or precipitation, and column chromatography (NCC) are typically
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purifications steps of monomers that can further add to the synthetic labor considerations.
Finally, many conjugated polymers utilize polymerization protocols that generate toxic
reagents, such as organotin or pyrophoric alkyl-lithium reagents, which require special
training and/or equipment to handle. This leads to the number of hazardous chemicals
(NHC) having the lowest but non-negligible weight in the overall SC of a given polymer
system. These variables describe how complex a conjugated polymer synthesis is where a
lower SC represents a simpler polymer synthesis. Though these values were semiempirically assigned, the equation developed by Po et al. represents a meaningful metric
for researchers to quantify and compare the complexity of polymeric materials.
!""

𝑆𝐶 = 35 !""
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#$% (())

+ 25 #$% (()
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+ 15 !+,
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!.-
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(1.1)

The complexity of polymer synthesis and design grew proportionally as researchers
pursued higher device performance. Sun and coworkers sought a synthetic route that
reduced the synthetic complexity of end materials while maintaining high performance in
solar cell devices using poly((thieno)-co-6,7-difluoro-quinoxaline) (PTQ10). PTQ10
polymer boasted a 16.5% PCE and the quinoxaline core of the polymer can be synthesized
in two steps.11,12 PTQ10 still required the use of toxic tin reagents and this material cost
~$214/g to produce even though Sun and coworkers significantly reduced the number of
synthetic steps to access this high-performing polymer. Rech and coworkers improved the
cost efficiency of PTQ10 by utilizing a cheaper starting reagent, which allowed them to
generate PTQ10 at the cost of ~$30/g while maintaining device metrics.13 This 86%
reduction in cost has demonstrated the feasibility of simplifying the synthesis for
conjugated polymers without compromising device performance metrics. However, the
synthesis of PTQ10 still generates stoichiometric amounts of toxic by-products during
5

synthesis (i.e. alkyltins), showing that even “simple” polymers still carry inherent synthetic
drawbacks. Therefore, there is a need for a new approach to making conjugated polymers
without costly preparatory or hazard generating steps, which motivates the pursuit of new
and simpler monomers.
1.2 Introduction of Dihydropyrrolo[3,2-b]pyrroles
When envisioning polymeric designs to reduce the synthetic complexity of organic
electronics, dihydropyrrole[3,2-b]pyrrole (H2DPP) chromophores offer a compelling and
readily accessible electron-rich monomer with tailorable functionalities that can
demonstrate a wide range of optical and electrochemical properties.14 As shown in Scheme
1.1, isomers of pyrrolopyrrole-based chromophores, like diketopyrrolopyrroles, have been
studied as electron-deficient building blocks in polymeric materials that have found
application in OPVs and stretchable electronics.15 Furthermore, H2DPP shows similar
characteristics to other 10 π-electron building blocks such as thienothiophene or
thienopyrrole.16 These characteristics motivate the exploration of H2DPP as a potential
electron rich scaffold to directly incorporate into the main chain of a conjugated polymer.
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Figure 1.3. Representative structures of (a) electron-deficient DPP isomers, (b) 10 πelectron building blocks, and (c) H2DPP as a generic polymeric repeat unit.

Traditionally, H2DPPs have been synthetically inaccessible until the serendipitous
discovery by Gryko and colleagues that H2DPP molecules form via a one-pot, aerobic
reaction of anilines, aldehydes, in the presences of 2,3-butanedione in acetic acid while ptoluenesulfonic acid as the catalyst.14 Furthermore, purification of these chromophores is
achieved via simple vacuum filtration and washing protocols, thus eliminating column
chromatography and recrystallizations commonly associated with purifying conjugated
monomers. The synthesis of H2DPP is a multicomponent reaction that begins with the
formation of a Schiff base between the aniline and aldehyde reactants. The Schiff base is
hypothesized to undergo a Mannich-type addition with the 2,3-butanedione, which then
forms a fused 5-membered ring system via cyclocondensation. Lastly, the pyrrolopyrrole
rings are formed via oxidation to yield the fully unsaturated fused heterocyclic core.14,17,18
Continued efforts have led to expanding the diversity of H2DPP chromophores and
optimization of reaction conditions with various metal catalysts which yield H2DPPs with
a plethora of useful properties and functional groups.14,17,18 From this expansion, H2DPP
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has gained wide recognition as a versatile molecule that is capable of tunable optical,
electrochemical, and thermal properties.19–21
1.3 Applications of H2DPP
H2DPP demonstrates facile tunability and versatility for broad scope of applications
through choice functionalization of the 1,4- and 2,5-aryl groups. For solar cells,
Dominguez and coworkers developed a small-molecule acceptor-donor-acceptor system
by functionalizing the 2- and 5-position aryl ring of H2DPP with dicyanovinylene, electronacceptors.22 These molecules decompose at 390 °C and 450 °C with methyl and octyl side
chains at the 1- and 4-positon aryl ring, respectively, and further encouraged its application
as the active layer material in bulk heterojunction organic solar cells. However, in the
chosen device architecture a PCE of only 1.06% was achieved. This shortcoming can be
improved by extending the conjugated path between the H2DPP core and acceptor region
through the addition of a thienyl or carbazole moieties, which results in an increased PCE
of up to 8.49% in a dye-sensitized solar cell (DSSC).23
Manipulation of the 2,5-aryl or 3,6-functional groups allows for tuning of the
photophysical properties of H2DPP. Zhang et al. synthesized an acceptor-donor-acceptor
H2DPP design by adding benzothiazole onto the 2,5-aryl position. This yielded a
chromophore exhibiting red emission with a quantum yield (Φ) of 57% that is amendable
to solution processing for OLEDs.24 By replacing the 2- and 5-phenyl rings with
methylpyridinium rings, Santra and coworkers produced a water-soluble dye capable of
strong green fluorescence with a Φ = 79% for one- and two-photon cellular imaging.9
Finally, Krzeszewski and coworkers introduced aryl or heteroaryl moieties at the 3- and 6positions via Suzuki cross-coupling reactions.25 While these functionalities bare minimal
8

effect on the absorbance band, the choice of aryl group influences the emission, specifically
red shifting of the fluorescence spectra, and represents a strategy to fine-tune emission
properties. Notably, these studies demonstrate that H2DPP can participate in Pd-catalyzed
cross-coupling reactions and potentially yield tunable, high-performance materials.
1.4 Introduction to Palladium-Catalyzed Polymerizations
Conjugated polymers are traditionally synthesized via Pd-catalyzed cross-coupling
reactions, such as Miyaura-Suzuki and Migita-Stille polycondensations.26 These Pdcatalyzed cross-coupling reactions follow a general mechanistic cycle, as shown in Scheme
1.2. The aryl bromide enters the catalytic cycle via oxidative addition to the active
palladium (0) catalyst and the palladium is oxidized from Pd0 to Pd2+ (or Pd(0) to Pd(II)).
During the second step, a second aryl comonomer complexes with the Pd-center via
transmetalation (Stille or Suzuki) or concerted metalation/deprotonation (DHAP) creating
a palladium intermediate with both aryl species coordinated to the Pd catalyst. Finally, a
new C-C bond is formed via reductive elimination and the active Pd0 catalyst complex is
regenerated. Repeated iteration of this catalytic cycle with difunctional monomers is what
enables successful synthesis of conjugated polymers
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Scheme 1.1. General
polymerizations.
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polymerizations. In step-growth polymerizations, the degree of polymerization (χn) is
dependent on the monomer conversion (ρ), as shown by Carothers Equation in Equation
1.2.
0

Carothers Equation: 𝜒/ = 012

(1.2)

One requirement to achieve respectable molecular weights in step-growth
polymerizations is the stoichiometric balance of monomers so that ρ approaches unity.26
The requirement for high ρ necessitates monomers of high purity as any impurities lead to
inaccurate measurement of monomer masses, and the stoichiometric imbalance prohibits
efficient polymerizations. Suzuki and Stille polymerizations provide synthetic accessibility
to conjugated homo- and copolymer designs whereas, Grignard-type polymerizations, such
as Negishi and Kumada-Corriu, are limited to generating homopolymers.27 Suzuki and
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Stille cross-couplings provide a versatile and robust polymerization approach because of
their functional group tolerance and predictable reactivity. However, they suffer restrictive
synthetic barriers in their respective procedures, such as monomer stability, in addition to
potentially costly and toxic functionalization steps. 28,29
Suzuki reactions require boronic acid- or ester-functionalized monomers that add
synthetic steps to monomer preparation.28 Furthermore, biphasic conditions are used which
hinders the reproducibility of Suzuki polycondensations as it depends on the contact
between the organic and aqueous phases and stirring method choice.27 Stille
polycondensation carries an inherently toxic requirement since a monomer needs stannylfunctionalization to participate in the reaction. Monomer preparation is toxic in addition to
generating stoichiometric amounts of trialkylstannane byproducts as waste.29 Furthermore,
these stannyl-groups make purifying monomers via column chromatography for
polymerizations difficult due to the instability of the C-Sn bond and their susceptibility to
decompose.27 Traditional polymerization reactions impart challenges that ultimately
increase the synthetic difficulty and cost of accessing conjugated polymers, which can
discourage adoptions at a larger production scale. As such, alternative polymerizations
have been pursued to overcome these drawbacks.
Direct (hetero)arylation polymerization (DHAP) offers an effective and safer
alternative to Stille and Suzuki crossing-couplings by exploiting active C-H bonds of arene
compounds.30 As shown in Scheme 1.2, DHAP minimizes monomer preparation steps
while simultaneously minimizing toxic waste due to eliminating the need for
organometallic reagents that participate in the transmetalation process of Pd-catalyzed
cross-couplings.26,27 Through careful screening, DHAP can present a remedy to developing
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sustainable polymeric materials, as evident from the expansive structural diversity of
conjugated polymers accessed via DHAP.26,30,31
1.5 Research Objectives
While extensive efforts to understand the substitution effect on molecular
properties have been pursued over the years, H2DPP has yet to be incorporated into the
main chain of a polymer repeat unit due to the poor air stability commonly associated with
pyrroles homopolymers.32 Given the diverse functionality of anilines and aldehydes
amendable to H2DPP syntheses, I hypothesized an H2DPP building block with adequate
stability while being amendable to high-yielding polymerizations could be attained such
that the fundamental question “What properties are accessible from main chain H2DPP
copolymers?” would be addressed. Also, the simple synthesis of H2DPP chromophores
may provide a simple approach for accessing monomers amendable to Pd-catalyzed
polymerizations without the need for extensive purification or functionalization
protocols.17
Herein, I seek to address the synthetic complexity associated with conjugated
polymers by exploiting the synthetic simplicity of H2DPP and demonstrate the first
example of H2DPP-containing copolymers (Scheme 1.2). I will elucidate their structureproperty relationships which will lead to the continued development of a novel class of
optoelectronic materials. By successfully incorporating H2DPPs into a polymer main chain,
I will be able to produce new polymeric materials with tailorable properties from readily
available, abundant anilines and aldehydes. I envision H2DPP chromophores will be
compelling monomeric building blocks for conjugated polymers. With these
considerations and motivations in mind, the specific of goals of my research are:
12

1) Demonstrate first example of H2DPP being incorporated directly into the main
chain of a polymer repeat unit and study it’s influence on macromolecular
properties;
2) Develop polymerization protocols for the synthesis of H2DPP-based donoracceptor copolymers and understand effect of H2DPP monomer design and
comonomer choice on polymer properties;
3) Establish a novel class of synthetically simple conjugated polymers suited for
myriad organic electronic applications.

Scheme 1.2. Representative structures of traditionally studied conjugated polymers and the
attributes of utilizing H2DPP copolymers.

In Chapter 2, the first example of an H2DPP-based copolymer is described. In this
study, a dibrominated H2DPP chromophore was synthesized via an Fe(III)-catalyzed

13

multicomponent reaction and polymerized with propylene dioxythiophene (ProDOT) via
direct

(hetero)arylation

polymerization.

UV-vis

absorbance

and

fluorescence

spectroscopies were used to study and understand the optical properties of the resulting
polymer. Additionally, thermal properties were investigated via thermogravimetric
analysis and differential scanning calorimetry. These studies revealed the H2DPP
copolymer possesses high thermal stability, and no thermal transitions were observed.
Electrochemical properties of the polymer as a thin film also were studied via cyclic
voltammetry and spectroelectrochemistry, where the absorbance as a function of
electrochemical potential data were used to quantify color properties. Most notably, this
study demonstrates that H2DPP effectively lowers the synthetic complexity of conjugated
polymers, and combined with optical attributes, motivated me to expand the structural
diversity of this new class of polymers.
Chapter 3 describes the development of polymerization protocols to generate the
first example of H2DPP-based D-A polymers. These efforts involved deciphering
appropriate solubilizing side chains and reaction conditions to access high molecular
weight copolymers in excellent yields. After optimizing monomer structures for efficient
polymerizations, I establish foundational structure-property relationships by studying
comonomer influence on optical and thermal properties. Based on the choice of
comonomer, optical absorbances are readily manipulated, and varying degrees of
aggregation are observed. This aggregation behavior manifests itself through changes in
absorbance with varying temperature or evident by red-shifted absorbance profiles from
solution to the solid-state. Investigation into the thermal properties of the resulting
copolymers reveal them to have high thermal stability without the observation of thermal
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transitions. Combined, these attributes motivate integrating these novel polymers into
device/application inspired measurements to understand their potential properties.
Analogous to “Generation 1” H2DPP copolymers, this approach demonstrates a significant
reduction in the synthetic complexity compared to conjugated polymers using similar
comonomeric building blocks.
This thesis is summarized in Chapter 4 by highlighting the impact of this work and
the continued efforts needed on the polymers I have synthesized. Additionally, a discussion
around the obstacles and opportunities for the continued development of H2DPP-based
conjugated polymers is included. This discussion involves the remaining measurements
desired for the polymers described in Chapter 3 and potential future design motifs that may
provide superior properties and tailorability for H2DPP copolymers.
I close my thesis with references and appendices containing information that
supports the work described in Chapters 2-3. Examples include 1H and 13C NMR and SEC
elugrams of synthesized polymers.
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CHAPTER 2
DEMONSTRATION OF PYRROLOPYRROLE AS A VIABLE
MONOMERIC BUILDING BLOCK FOR SYNTHETICALLY
SIMPLE CONJUGATED POLYMERS
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2.1 Abstract
Conjugated polymers have demonstrated a vast range of tunable properties
through structural design, and this tunability has motivated researchers to understand
structure-property relationships for organic electronic applications. As researchers
achieved promising performance metrics, the synthetic complexity of these highperforming polymers has continually increased, driven by increasing synthetic steps and
the utilization of toxic reagents. Dihydropyrrolo[3,2-b]pyrroles (H2DPP) are a class of
electron-rich molecules that are easily synthesized through a one-pot, aerobic reaction and
are purified via simple filtration. In this Chapter, I report the first example of an H2DPP
monomer being directly incorporated into the main chain of a conjugated copolymer via
direct (hetero)arylation polymerization. The synthesized H2DPP-based copolymer exhibits
strong absorbance and fluorescence, with a λmax of 448 nm and 505 nm, respectively.
Electrochemical studies reveal the H2DPP-based copolymer displays a quasi-reversible
redox nature at a relatively low oxidation potential and exhibits yellow-to-black
electrochromism. Finally, the synthetic complexity is calculated, and the pyrrolopyrrole
copolymer is less synthetically complex than a majority of conjugated polymers that find
applicability in organic photovoltaics and electrochromism. These findings demonstrate
the viability of incorporating H2DPPs into the repeat unit structure of conjugated polymers
via metal-catalyzed cross-coupling reactions and highlights their potential to offer a
synthetically simple alternative to current state-of-the-art conjugated polymers.
2.2 Introduction
Conjugated polymers possess the ability to tune optical and electrochemical properties
through careful structural design, and this has led to them receiving significant attention as
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active layer components in organic electronics. The synthetic accessibility of many
conjugated systems allow for facile tailorability of optical and electrochemical properties
for applications in organic photovoltaics (OPVs), light-emitting diode (OLEDs), and
electrochromics, for example.3–5 Unfortunately, current “high-performance” polymers are
hindered by arduous synthetic requirements, such as numerous synthetic steps and/or
air/moisture-free conditions, for their respective monomeric building blocks.4,7,8 As
previously discussed in Chapter 1, researchers exploited the synthetic simplicity of
poly((thieno)-co-6,7-difluoro-quinoxaline) (PTQ10) while achieving high PCE in OPV
device measurements.11,13 Unfortunately, PTQ10 and its cost-efficient counterpart remain
prohibitive because it produces stoichiometric amounts of toxic stannyl-halides via Stille
polycondensations. These studies exemplify that even “simple” polymers may still have
detrimental attributes and a need for easily accessible monomeric building blocks is
necessary to develop more sustainable conjugated polymers and facilitate their widespread
use.
The simple synthesis of 1,4-dihydropyrrolo[3,2-b]pyrrole (H2DPP) offers access to
a diverse class of chromophores from various anilines and aldehydes with tailorable
properties. Additionally, H2DPP chromophores exhibit thermal degradations between 300
to 450 °C when anilines are functionalized with alkyl chains such as methyl, n-butyl, and
n-octyl solubilizing chains.22,33 In addition to the high thermal stability, these alkyl groups
will enable chromophores to be amenable to solution processing for OPVs or/and emissive
devices (OLEDs). Beyond alkyl substituents, there are various functionalities that are
easily accessible in a single step using a one-pot reaction that enables the H2DPP product
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to be purified via vacuum filtration, including halogenated H2DPPs amendable to Pdcatalyzed cross-coupling reactions.
Halogenated H2DPPs are incorporated into these chromophores at the para, meta,
or ortho-substituted positions of aldehyde starting material. The ability to introduce
halogens amendable to Pd-catalyzed cross-coupling reactions at various positions around
the phenyl-ring enable subsequent synthetic routes for developing π-extended
chromophore motifs.14,23,34 Dibrominated monomers are hypothesized to be synthesized
utilizing the previously described multicomponent reaction where 4-bromobenzaldehyde
is used to incorporate the halogenated moiety for polymerizations while alkylfunctionalized anilines are used to facilitate sufficient solubility of the final polymer
product, respectively. Dibrominated monomers provide higher reactivity in Pd-catalyzed
cross-coupling reactions than chlorinated monomers while remaining cheaper, more
accessible, and more stable than their iodo-functionalized counterparts.29,35 Parasubstituted bromobenzaldehydes also removes the need for bromination of a monomer
prior to polymerization, which contributes to the minimization of monomer preparatory
steps and, ultimately, lowers the synthetic complexity. As mentioned in Chapter 1, and
shown in Scheme 1.2, DHAP exploits activated C-H bonds of the chosen comonomer that
undergoes a concerted metalation-deprotonation process with palladium catalysts. The
ability to exploit activated C-H bonds removes the need for toxic reagents and starting
materials during polymer synthesis, potentially leading to a more benign synthetic
pathway. Combined, these attributes make H2DPP a viable monomer that will reduce the
number of synthetic steps and hazardous waste typically associated with conjugated
polymer synthesis. The potential for H2DPP to address both drawbacks makes them a
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compelling choice as potential building blocks that will also lead to novel, tailorable
conjugated polymer systems.
Motivated by the vast tailorability of H2DPP chromophores combined with their
simple synthesis and purification, I hypothesized that H2DPP would be a useful monomeric
building block for synthesizing conjugated polymers. My approach involves synthesizing
a dibrominated H2DPP, which enables this monomer to participate in Pd-catalyzed
polymerizations with various comonomers while exploiting a simple synthesis of a novel
comonomer. The readily accessible H2DPP enables me to investigate how changes to
monomer structure and choice of comonomer influence macromolecular properties when
incorporated directly into the polymeric backbone. Herein, I describe the first example of
a H2DPP containing copolymer synthesized via DHAP with 3,4-propylenedioxythiophene
(ProDOT) as the comonomer. Initial understanding of structure-property relationships of
this novel material is investigated by understanding how monomer structures influence
synthetic accessibility, optical, thermal, and electrochemical properties. Additionally, I
quantify the synthetic complexity that reveals the first H2DPP copolymer to be amongst
the most simple conjugated polymers to be synthesized. The incorporation of H2DPP into
polymeric materials offers a readily accessible and tunable scaffold for conjugated
polymers without compromising properties commonly associated with solid-state or
electrochemical applications.
2.3 Materials and Method
All chemicals were purchased from commercial sources and used as received unless
otherwise noted. Anhydrous N,N-dimethylacetamide (DMAc) was degassed with argon
(Ar) for 15 minutes before use. 60 Å silica gel (200-400 mesh) was used for column
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chromatography. 1H and 13C NMR spectra were collected on a Bruker Ascend 400 MHz
NMR spectrometer with a 10–15 mg/mL nominal sample concentration in CDCl3. Peaks
are referenced to the residual CHCl3 peak (1H: δ = 7.26 ppm; 13C: δ = 77.23 ppm). Solution
absorbance spectra were acquired using a Varian Cary 4000 dual beam UV-vis-near-IR
spectrophotometer scanning from 300 to 800 nm using a 20-40 μg/mL concentration in
toluene. Solution emission spectra were acquired using an Ollis DM45 spectrofluorimeter
scanning from 10 nm above 𝜆467
345 to 800 nm using a toluene solution with nominal
concentration of 20-40 μg/mL. Solution quantum yield was acquired using a Horiba
Scientific Fluorolog-QM 75-11 equipped with an integrating K-sphere. Thermogravimetric
analysis (TGA) measurements were made using a PerkinElmer TGA 8000 using a
temperature range of 30 °C to 900 °C with a heating rate of 5 °C/min. The thermal
degradation temperature (Td) was obtained at 5% mass loss of a 5-10 mg polymer sample
in a ceramic pan. Differential scanning calorimetry (DSC) measurements were obtained
using a Shimadzu DSC-60 with a heat-cool-heat cycle from 30 °C to 310 °C using a heating
rate of 10 °C/min. Spectroelectrochemistry measurements were performed using a Varian
Cary 5000 Scan dual-beam UV−vis−near-IR spectrophotometer. The absorbances
collected with this same spectrophotometer were converted to colorimetric coordinates
using Star-Tek colorimetry software using a D50 illuminant, 2 deg observer, and the
CIELAB L*a*b* color space. Electrochemical measurements were performed using an
EG&G Princeton Applied Research model 273A potentiostat/galvanostat under CorrWare
control in a three-electrode cell configuration, using ITO/glass (Delta Technologies Inc., 7
× 50 × 0.7 mm, sheet resistance, Rs 8−12 Ω/sq) as the working electrode, an Ag/AgCl
reference electrode (calibrated versus the Fe/Fe+ redox couple, E1/2 = 40 mV), and a Pt flag
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as the counter electrode, with a 50 mV/s scan rate. The ITO slides were cleaned by
sequential sonication in acetone, acetonitrile, and isopropanol, followed by a 5 min
phosphonic acid treatment (10.0 mM hexadecylphosphonic acid in ethanol). An electrolyte
solution of 0.5 M tetrabutylammonium hexafluorophosphate (TBAPF6, 98%, purified via
recrystallization from hot ethanol) in propylene carbonate (PC) was used in all
electrochemical and spectroelectrochemical measurements. PC was purified using a
Vacuum Atmospheres solvent purifier. Polymer films were spray-cast onto the ITO-coated
glass slides using an Iwata airbrush at 20 psi from 2 mg/mL toluene solutions. Photography
was performed in a light booth designed to exclude outside light with a D50 (5000K) lamp
located at the back of the booth providing illumination, while using a Nikon D90 SLR
camera with a Nikon 18-105 mm VR lens. Pictures are presented without manipulation
except for cropping.
2.3.1 Synthesis of 2,5-bis(4-bromophenyl)-1,4-bis(4-n-decylphenyl)-1,4dihydropyrrolo[3,2-b]pyrrole (Br2DPP) via Fe-Catalyzed Multicomponent Reaction

Scheme 2.1. Synthesis of Br2DPP via Fe-catalyzed multicomponent reaction.
Br2DPP was synthesized following a literature procedure report by Tasior et al.18
with slight modifications. 4-n-Decylaniline (1.86 g, 8.00 mmol), 4-bromobenzaldehyde
22

(1.48 g, 8.00 mmol), toluene (6 mL), and glacial acetic acid (6 mL) were added to a 25 mL
round-bottom flask equipped with a magnetic stir bar. The mixture was then heated and
stirred for 1 h in an oil bath set to 50 °C. After one hour of heating, Fe(ClO4)3·xH2O (0.085
g) was added, followed by 2,3-butanedione (0.35 mL, 4.00 mmol). The final mixture was
set to stir at 50 °C overnight with the flask open to air. After approximately 16 h, the
reaction was removed from the oil bath and allowed cool to room temperature. The reaction
precipitate was collected via vacuum filtration and washed with chilled methanol, followed
by washing with chilled acetone until only a pale-yellow powder remained on the filter
paper. The precipitate was the anticipated product and was dried under vacuum overnight.
This assumption was confirmed after structural analysis, and the dihalogenated H2DPP was
isolated in respectable yields. Yield: 1.22 g (1.52 mmol, 38%). 1H NMR (400 MHz, CDCl3,
25 °C), δ: 0.96 (t, 6H), 1.30-1.35 (m, 28H), 1.66 (m, 4H), 2.65 (m, 4H), 6.39 (s, 2H), 7.08
(d, 4H), 7.19-7.20 (m, 8H), 7.33 (d, 4H). 13C NMR: (400MHz, CDCl3, 25 °C), δ: 14.11,
22.69, 29.34, 29.50, 29.62, 31.33, 31.92, 35.49, 94.62, 120.10, 129.15, 129.47, 131.24,
131.99, 132.63, 134.83, 137.31, 140.85 Anal. calc’d for C50H60Br2N2: C 70.75, H 7.12, Br
18.83, N 3.30 Found: C 70.95, H 7.03, N 3.33
2.3.2 Scalable Preparation for the Synthesis of Br2DPP
The scalable preparation of Br2DPP was achieved using the procedure described
above but implementing a 10× increase in molar equivalents. For the initial mixture, 80.0
mmol of 4-n-decylaniline and 4-bromobenzaldehyde, 60 mL of toluene, and 60 mL of
glacial acetic acid were combined into a 250 mL round-bottom flask. The final mixture
included the addition of Fe(ClO4)3·xH2O (0.850 g) and 2,3-butanedione (3.5 mL, 40.0
mmol). Purification was performed using the same protocol as described in Section 2.3.1.
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Yield: 14.5 g (19.6 mmol, 49%). Analytical characterization and purity matched data from
Section 2.3.1.
2.3.3 Synthesis of 3,3-dioctyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine
(DioctylProDOT) via transetherification.

Scheme 2.2. Transetherification reaction for the synthesis of dioctyl-ProDOT.
First, 3,4-dimethoxythiophene (1.44 g, 10.0 mmol), 2,2-di-n-octyl-1,3-propanediol
(4.89 g, 20.0 mmol), p-toluenesulfonic acid (0.172 g, 1.00 mmol), and 100 mL of toluene
were combined in a 250 mL flask equipped with a Soxhlet extractor with 4 Å molecular
sieves in a cellulose thimble. The reaction mixture was placed in an oil bath and refluxed
overnight. After the allotted reaction time, the reaction mixture was cooled to room
temperature, then poured into water (~100 mL), and extracted with DCM (~60 mL). The
extract was washed with water (~100 mL) before being dried with Na2SO4, filtered, and
concentrated via rotary evaporation. The crude product was purified via column
chromatography on silica gel using 3:2 hexanes:DCM as the mobile phase. The product
was then dried overnight under vacuum yielding a clear oil. Analytical characterization
was consistent with previously published reports. Yield: 2.09g (5.50 mmol, 55%). 1H NMR
(400 MHz, CDCl3), δ = 6.39 (s, 2H), 3.90 (s, 4H), 1.44-1.19 (m, 20H), 0.93-0.80 (m, 6H)
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2.3.4 Synthesis of 1,4-bis(4-decylphenyl)-2,5-bis(4-(3,3-diisobutyl-3,4-dihydro-2Hthieno[3,4-b][1,4]dioxepin-6-yl)phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole
((ProDOT)2DPP) via direct arylation

Scheme 2.3. Synthesis of (ProDOT)2DPP via direct arylation.
Br2DPP (100 mg, 0.118 mmol), diisobutylProDOT (DiBP) (380 mg, 1.42 mmol),
Pd(OAc)2 (2.1 mg, 0.009 mmol), pivalic acid (14.4 mg, 0.142 mmol), and K2CO3 (24.4
mg, 0.148 mmol) were added to a 10 mL round-bottom flask equipped with a magnetic stir
bar. The flask was sealed with a rubber septum and rendered inert via 3 vacuum/refill cycles
with Ar. DMAc (0.60 mL) was added to the flask via syringe, and the flask was placed in
an oil bath heated to 140 °C. The reaction was monitored via TLC by taking aliquots every
5 minutes. After ~60 min, all the H2DPP starting material was consumed, and the reaction
was then quenched with ethyl acetate. The reaction mixture was cooled to room
temperature, then poured into water (~100 mL), and extracted with DCM (~60 mL). The
extract was washed with water (~50 mL) and brine (~50 mL). The organic phase was dried
over Na2SO4, filtered, and concentrated via rotary evaporation. The crude product was
purified by column chromatography using 4:1 hexane:DCM as the eluent. The sample was
dried overnight under a vacuum yielding a yellow solid. Yield: 13.7 mg (0.012 mmol,
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10%). 1H NMR (400 MHz, CDCl3), δ = 7.56 (d, 4H), 7.18-7.27 (m, 12H), 6.43 (s, 2H),
6.37 (s, 2H), 3.89-4.07 (m, 8H), 2.65 (t, 4H), 1.81 (m, 8H), 1.28 (br ,m), 1.00 (br, d).
2.3.5 Synthesis of DecylDPP-co-DioctylProDOT(H2DPP-co-ProDOT) via Direct
(Hetero)Arylation Polymerization (DHAP)

Scheme 2.4. Synthesis of an H2DPP-based copolymer via DHAP facilitated using ProDOT
as the comonomer.

Br2DPP (200 mg, 0.236 mmol), Pd(OAc)2 (1.1 mg, 0.005 mmol), PivOH (7.2 mg,
0.071 mmol), and K2CO3 (81.5 mg, 0.59 mmol) were added to a Schlenk flask equipped
with a magnetic stir bar and sealed with a rubber septum. The flask was rendered inert via
3 vacuum/refill cycles with Ar. DioctylProDOT (89.8 mg, 0.236 mmol) was weighed in a
vial and transferred to the reaction flask using degassed DMAc. The reaction was lowered
into an oil bath set to 140 °C and stirred overnight (16 – 20 h). After the allotted time, the
reaction flask was removed from the oil bath and cooled to room temperature. The reaction
mixture was precipitated in an excessive amount of methanol (MeOH) and stirred for 30
minutes. The precipitate was then collected in a Soxhlet thimble. The polymer was purified
with subsequent washes with MeOH and acetone before being extracted with chloroform.
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The extracted solution was concentrated via rotary evaporation and then reprecipitated into
MeOH. The precipitate was then filtered via vacuum filtration, washed with MeOH, and
dried under a vacuum overnight. Yield: 195 mg (77%). Mn= 10.5 kg/mol, Đ= 2.0, 1H NMR
(400 MHz, CDCl3), δ = 1.21-1.41 (br, m), 1.43-1.52 (br, m), 1.63-1.73 (br, m), 2.62-2.70
(br, t), 6.35-6.47 (br, s), 7.18-7.30 (br, m), 7.58-7.64 (br, d). Anal. calc’d for C73H98N2O2S:
C 81.97, H 9.42, N 2.78, O 2.99, S 3.00 Found: C 80.99, H 9.09, N 2.78, S 2.73.
2.4 Results and Discussion
Conjugated polymers are notoriously insoluble, so my initial efforts involved
attempting to synthesize H2DPP monomers that will aid in attaining soluble copolymers.
These efforts began with attempting to replicate the H2DPP synthesis using 4-aminophenol
and 4-bromobenzaldehyde following the literature procedure reported by Tasior and
coworkers shown in Scheme 2.5(a).36 The resulting product, dihydroxy-DPP, was obtained
with a favorable yield of 55%. The dihydroxy-DPP molecule was subsequently alkylated
via a Williamson etherification reaction and resulted in yields between 5-8%, significantly
lower than reported yields. In an effort to improve yields and overall atom economy,
aminophenol was replaced with 4-n-decylaniline to access a monomer in one-step, in air,
and require simple purifications. Furthermore, as shown in Scheme 2.5(b), this switch
significantly improved the overall yield of the desired monomer from 8% to 49%.
Decylaniline was chosen as it is hypothesized to be a suitable solubilizing handle for the
resulting polymers that enables thorough characterization and solution processibility,
subsequently making them amendable for device-inspired studies. The resulting monomer,
shown in Scheme 2.5(c), was verified via NMR (Figures A.2 and A.3) and elemental
analysis. After a successful synthesis, the reaction was scaled to 80 mmol to save time on
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future synthetic efforts as well as to simulate potential industrial scalability. The product
from the 80 mmol scale reaction does not sacrifice the purity of smaller scale reactions and
is stable for >1 year in a refrigerator.

Scheme 2.5. (a) Initial efforts to synthesize a Br2DPP with adequate solubility to facilitate
efficient polymerizations; (b) Synthetic approach of Br2DPP with an n-decyl solubilizing
chain that enables polymerization studies and; (c) Photograph of ~15 grams of a Br2DPP
monomer with n-decyl chains next to a 20 mL vial to illustrate scalability.

Initial polymerization attempts to incorporate H2DPP as a comonomer into
conjugated polymers were attempted with thienopyrroledione (TPD). These attempts were
unsuccessful at obtaining polymers soluble in organic solvents, thus preventing thorough
characterization of polymeric properties and understanding of structure-property
relationships. This motivated pursuing alternative comonomers to overcome solubility
barriers encountered in these initial studies. When considering comonomers for
polymerizations with H2DPP, 3,4-propylenedioxythiophene (ProDOT) appears to be a
suitable choice while offering facile tailorability and synthetically simple monomers. This
stems from its one-step synthesis and ease of functionalization for reactivity with numerous
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polymerization methods such as Grignard metathesis, oxidative polymerization, and Pdcatalyzed cross-couplings.37–40 Furthermore, various solubilizing motifs can be installed
onto ProDOT in one or two steps via transetherification utilizing commercially available
starting materials like 2,2-di-n-octyl-1,3-propanediol.40,41 Due to this tailoribility, ProDOT
polymers have found applicability in various organic electronics such as electrochromics
and OPVs.42–45 Combined, these characteristics of ProDOT motivated choosing it for
polymerization with H2DPP and begin to understanding structure-property relationships of
H2DPP-based copolymers.

Scheme 2.6. First example of H2DPP-based copolymer, H2DPP-co-ProDOT, synthesized
via high dielectric DHAP conditions.

With the desire to polymerize H2DPP with ProDOT, I started with an established
DHAP condition for producing poly(ProDOT)s that occurs in the high dielectric solvent
DMAc while using palladium(II) acetate (Pd(OAc)2) as the catalyst, potassium carbonate
(K2CO3) as the base, and pivalic acid (PivOH) as the proton shuttle.31 It is noteworthy to
mention that the 3,6-position hydrogens of H2DPP, illustrated as the red protons in Figure
2.1, have been shown to participate in direct arylation reactions.19 This motivated screening
the monomer in high dielectric DHAP conditions and monitoring for any observable
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coupling at the 3,6-positions of the pyrrolopyrrole scaffold. Any coupling at the 3,6position would result in cross-linked polymer, a β-defect, which will produce insoluble
materials or lead to diminished material properties.46,47 After subjecting the pyrrolopyrrole
monomer to the reaction conditions mentioned above, the first indication of the absence of
cross-coupling defects was no new spots on TLC were observed. These results were the
confirmed with 1H NMR.
Figure 2.1 shows overlaid 1H NMR spectra of Br2DPP before and after the model
reaction. As shown in Figure 2.1, the lack of change for the singlet at ~6.37 ppm as well as
the absence of new chemical shifts in the aromatic region confirms no 3,6-coupling is
observed and encourages the pursuit of polymerizations using the high dielectric
conditions. The established DHAP procedure yielded a yellow polymer with a numberaverage molecular weight (Mn) of 10.5 kg/mol and dispersity (Mw/Mn) of 2.0, as determined
by GPC. Polymers with a Mn > 10 kg/mol are typically considered of sufficient molecular
weight such that electronic properties are saturated and yields polymers with appropriate
viscosities needed for solution processing of thin films.48 The resulting polymer retained
the pyrrolopyrrole singlet at 6.38 ppm and the singlet at 4.10 ppm, attributed to protons on
the propylene bridge of ProDOT, confirms ProDOT was successfully incorporated into the
polymer in an alternating manner (see Figures A.1-2, A.4). Purity and composition were
further verified with elemental analysis that showed similar values for expected and
determined atomic compositions. The slight deviation between expected and determined
values are attributed to a small percentage (~2%) of homocoupling defects associated with
using a Pd(II) catalyst.46
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Figure 2.1. (a) Model reaction to investigate possible 3,6-cross-coupling defects on the
DPP monomer in high dielectric polymerization conditions and (b) 1H NMR spectra of
Br2DPP before (black) and after (red) subjecting the monomer to the reaction conditions.
The singlet highlighted with the red box ~6.37 ppm is unchanged, confirming no C-H
cross-coupling reactions occurred on the H2DPP scaffold.

H2DPP molecules have been studied for a variety of optical and optoelectronic
applications,9,17,19,23,25,49 which motivates my investigation of the optical properties of
H2DPP-co-ProDOT using UV-vis and fluorescence spectroscopies. After the successful
synthesis, I first turn to calculations to probe fundamental structural and optical properties.
Figure 2.2 summarizes the results showing that model oligomers possess wide band gaps
(~3.5 eV) likely due to the large dihedral angles between the H2DPP-Ph units (~35°).
Importantly, calculated dihedral angles are consistent with dihedral angles found for
published H2DPP crystal structures and supports the level of theory.14,49,50 The calculated
frontier molecular orbital maps display the electron density of the HOMO resides mostly
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on the H2DPP unit with modest redistribution to ProDOT in the LUMO. This result
supports the notion of H2DPP being a highly electron-rich building block,51 thus motivating
investigations of its applicability for electrochemical applications. Calculated UV-vis
absorbance spectra, however, are blue-shifted compared H2DPP-co-ProDOT. This
motivated the synthesis of a (ProDOT)2DPP oligomer to compare theory and experimental
results for this H2DPP system. Figure 2.3 shows the overlaid UV-vis spectra for calculated,
experimental, and H2DPP-co-ProDOT, where calculated and experimental oligomer UVvis data are in close agreement (~2% lmax). These results further support my level of theory
and indicate the effective conjugation length of H2DPP-co-ProDOT is greater than 5 rings.

Figure 2.2. Calculated frontier molecular orbital maps and optical properties of the
ProDOT-H2DPP oligomer used for TD-DFT calculations.
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Figure 2.3. Normalized UV-visible absorbance spectra of computational model (black),
(ProDOT)2DPP (red), and H2DPP-co-ProDOT (blue) dissolved in toluene at an
approximate concentration of 40 μg/mL.
As shown in Figure 2.4, H2DPP-co-ProDOT absorbs with a 𝜆467
345 of 448 nm, which
is attributed to the π- π* transition. The featureless absorbance is attributed to the lack of
aggregates present in solution, which indicates the polymer is well solvated in toluene at
this concentration. Upon photoexcitation, H2DPP-co-ProDOT emits green light with a
𝜆89
345 of 505 nm. A Stokes shift of 57 nm reveals a modest degree of structural
rearrangement upon photoexcitation. Since H2DPP chromophores have been shown to
possess high fluorescence quantum yields, the quantum yield (Φ) of H2DPP-co-ProDOT
was measured to be 13.9%, indicating a modest fluorescent quantum yield. The quantum
yield of this H2DPP-containing copolymer is notable, as a benchmark value of Φ ≥ 10% is
typically viewed as sufficient for use in organic light-emitting diodes.52 H2DPP-coProDOT exhibited signs of photo-oxidation in solution after prolonged exposure to
sunlight (typically two or more weeks). This phenomenon is accelerated in the presence of
chlorinated solvents under UV light and is likely attributed to the electron-rich properties
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of the H2DPP core ring in the polymer.53 The polymer solution transitioned dilute yellow
to a faint black upon photo-oxidation suggesting the formation of a radical species on the
polymer back bone.

Figure 2.4. Normalized solution UV-visible absorbance (black) and fluorescence (red)
spectra of H2DPP-co-ProDOT dissolved in toluene at an approximate concentration of ~20
μg/mL for both spectra.

Initial understanding of H2DPP-co-ProDOT thermal properties, such as
degradation temperature (Td), glass transition (Tg), and crystallization temperature (Tc),
were studied using thermal gravimetric analysis (TGA) and differential scanning
calorimetry (DSC), respectively. TGA was used to determine the degradation temperature
of the H2DPP-co-ProDOT by measuring the mass loss as a function of temperature. Figure
2.5(a) shows the TGA trace that indicates DPP-co-ProDOT has a Td of 377 °C while also
providing insight into the purity of the resulting polymer. The absence of degradation and
the level trace from r.t. to ~300 °C indicates there are no residual solvents or salts in the
polymer and supports my NMR and elemental analysis results. DSC measurements showed
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no thermal transitions within the experimental range, revealing that the polymer is
amorphous in bulk samples (Figure 2.5(b)). This is attributed to the large dihedral angles
between the pyrrolopyrrole core and phenylene rings preventing strong interactions
between polymer chains that encourage a higher degree of order and crystallinity. Because
H2DPP-co-ProDOT possesses a high Td, it is reasonable to surmise that this polymer can
be solution processed and subjected to post-processing annealing procedures, if needed.

Figure 2.5. (a) Thermal gravimetric analysis of H2DPP-co-ProDOT ramping from 30–900
°C at a rate of 10 °C/min. The mass loss at Td is consistent with the loss of solubilizing side
chains from H2DPP and ProDOT. (b) Differential scanning calorimetry trace of H2DPPco-ProDOT (second heating cycle) cycling between 30-310 °C with a heating rate of 10
°C/min.

Due to the electron-rich nature of H2DPP and ProDOT, I was motivated to study
the redox behavior of H2DPP-co-ProDOT as thin films. First, films are spray-cast from 2
mg/mL toluene solutions onto ITO electrodes. When the UV-vis absorbance spectrum of
the resulting film is measured, there is minimal change in the absorbance profile from
solution to a pristine film. Typically, conjugated polymers exhibit a distinct red-shift in the
absorbance spectrum in the solid-state compared to solution due to increase in p-p

35

interactions that facilitate ordering. The lack of change in the absorbance spectrum
indicates minimal interchain p-p orbital overlap in the solid state, agreeing with DSC
results that the polymer possesses an amorphous nature. I attribute this amorphous
character to the large dihedral angles through the polymer backbone that prevent efficient
interchain polymer interactions.
After comparing the optical properties of the H2DPP-co-ProDOT copolymer in
solution and as a pristine film, films are electrochemically conditioned to study the optical
properties after subjecting the films to repeated redox reactions. Electrochemical
conditioning protocols consist of performing 10 cyclic voltammetry (CV) cycles across a
voltage window of -0.5 V to 1.0 V (vs. Ag/AgCl reference electrode) in a 0.5 M
TBAPF6/PC electrolyte solution using a scan rate of 100 mV/s. Upon electrochemical
conditioning, there is only a slight broadening of the absorbance profile and the lmax is
unchanged (Figure 2.6(a)). This is a rare observation since conjugated polymers typically
exhibit distinct changes in the absorbance spectrum after being subjected to a flux of
solvent and ions through the film.54 This supports the notion that the polymer is in a
disordered state and electrochemical conditioning does not lead to a change in the effective
conjugation length, which is typically attributed to the observed changes in the absorbance
spectrum of conjugated polymers after repeated redox cycling.55
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Figure 2.6. (a) UV-vis absorbance spectra of H2DPP-co-ProDOT in solution (black), as a
pristine spray-cast film (red), and an electrochemically conditioned film (blue). (b) Cyclic
voltammogram traces of H2DPP-co-ProDOT as a pristine (black) and electrochemically
conditioned film (red). Electrochemical conditioning protocols consist of performing 10
CV cycles across a voltage window of -0.5 to 1.0 V (vs. Ag/AgCl reference electrode) in
0.5 M TBAPF6/PC electrolyte solution using a scan rate of 50 mV/s. UV-vis absorbance
spectra were recorded by scanning from 350 to 800 nm.

Next, the electrochemical properties were studied using cyclic voltammetry (CV).
As shown in Figure 2.6(b), despite H2DPP-co-ProDOT possessing large dihedral angles
distributed through the backbone, the polymer displays a relatively low onset of oxidation
(~0.6 V vs Ag/AgCl). This redox response is analogous to arylene-based copolymers used
to access high-gap electrochromic polymers56 but lower than triphenylamine-based
copolymers.57 Additionally, the minimal change in absorbance from pristine to conditioned
film is confirmed with CV. As seen in Figure 2.6(b), H2DPP-co-ProDOT displays quasireversible oxidation and reduction both as pristine and conditioned film, where the onset
of oxidation is slightly lower in the conditioned film (~0.6 V vs Ag/AgCl). In contrast, the
reduction peak is unchanged after electrochemical conditioning. Another observation is the
increased slope of the CV trace between pristine and conditioned films when reducing the
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film from 1.0 to 0.8 V. This increase is indicative of solvent and ions moving through the
film more rapidly due to more accessible redox sites being available.
The reversible and stable redox activity motivates studying absorbance as a
function of electrochemical potential, and the results are plotted in Figure 2.7(a). As shown,
with increasing electrochemical potential, the p-p* transition ~448 nm decreases, and two
new transitions evolve. Both are believed to be due to radical cation formation,58 with one
species broadly absorbing across the visible spectrum and the second in the IR portion of
the electromagnetic spectrum with a maximum absorbance ~1300 nm. Both grow
continuously with increasing electrochemical potential.

Figure 2.7. (a) Absorbance spectra as a function of applied potential of a H2DPP-coProDOT film spray cast from a 2 mg/mL toluene solution by applying 50 mV potential
intervals from -0.5 V to 1.0 V in 0.5 M TBAPF6/PC supporting electrolyte and; (b) color
coordinates and photographs of a H2DPP-co-ProDOT film spray cast from toluene as a
function of applied potential.

Colorimetric analysis of polymer films was subsequently performed based on the
“Commision Internationale de l’Eclairage 1976 L*a*b* color standards. Colorimetry data
shown in Figure 2.7(b) indicates H2DPP-co-ProDOT is a vibrant yellow color as a neutral
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film, with a large b* (~68) and small a* (~ -3), which agrees with the absorbance in the
high energy portion of the visible spectrum (400-500 nm). Additionally, colorimetry
confirms the minimal changes between pristine (circled) and electrochemically
conditioned films observed in the UV-vis absorbance spectrum as evident by only a small
decrease in the b* value while the a* value remained unchanged. As the oxidation potential
is increased, the b* values begin to decrease, which corresponds to the evolution of the
broadly absorbing oxidized species. While b* values decrease, a* values track slightly
more negative before returning towards the graph’s origin. This color track towards the
green portion of the color space is due to the pseudo-dual-band absorbance character
between the diminishing p-p* transition and evolving absorbance ~600 nm. As the broad
absorbance features continue to evolve (Figure 2.8(a)), a* and b* coordinates track to the
color-neutral portion of the a*b* plot (Figure 2.8(b)). The color neutrality manifests itself
as a black film in the oxidized state, as shown in the photograph presented in Figure 2.7(b).

Figure 2.8. (a) Absorbance as a function of potential from 0.75 V to 1.0 V (vs. Ag/AgCl in
0.5 M TBAPF6/PC supporting electrolyte) to monitor the evolution of black films with
increasing potential. (b) Color coordinates of H2DPP-co-ProDOT films with increasing
oxidation potential. The shaded area represents minimal color change in the color neutral
regime (a* and b* = ± 10).
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The long-term electrochemical stability was measured by applying square-wave
potential steps from -0.5 V to 1.0 V vs Ag/AgCl to switch films under an argon atmosphere.
As shown in Figure 2.9, H2DPP-co-ProDOT films maintain ~95% of contrast after 200
switching cycles but lose 25% of contrast retention after 1000 cycles. This is likely caused
by open sites on the phenylene units of the polymer repeat unit that are susceptible to
substitution when oxidized59 or the polymer film requiring an increased break-in period.
Regardless, this serves as an area of improvement and motivates further design motifs to
improve long-term redox stability.

Figure 2.9. Contrast retention (%) as a function of number of electrochemical switches for
H2DPP-co-ProDOT films. Films maintain >95% contrast over 200 switching cycles but
diminishes by ~25% after 1000 switching cycles.

The overarching goal of this project was to demonstrate a simplified synthesis of
conjugated polymers. As described in Chapter 1, Po et al. developed Equation 1.1 to
quantify the synthetic complexity (SC) for the synthesis of conjugated polymers. This study
benchmarks many conjugated polymers and provides a reasonable starting point for
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comparing my polymer to the field.10 As shown in Table 2.1, the SC of H2DPP-co-ProDOT
comes to be 13.8 which was calculated using the parameters laid out by Po and coworkers.
When compared to other polymers, H2DPP-co-ProDOT is more complex than P3HT and
PTQ10 but less complex than the cost-effective PTQ10 approach reported by You et al.10,11
Given the applicability in redox applications, the SC is compared to poly(ProDOT) and
shows a lower SC(21.3 SC for poly(ProDOT)). Combined, I have demonstrated H2DPP as
a viable monomer to simplify the synthesis of conjugated polymers. While not the most
synthetically simple conjugated polymer, being able to remove toxic reagents, such as tin,
offers significant advantages compared to other systems.
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Table 2.1. Synthetic complexity analysis comparison to similar and past polymeric design.
Entry
1

Polymer
P3HT

NSS
3

RY
1.1

NUO
4

NCC
0

NHC
4

SC
7.8

2

PTQ10

3

1.1

5

1

6

9.7

3

Cost-Effective PTQ10

5

2.1

8

1

9

18.4

4

poly(ProDOT)

5

3.1

1

4

9

21.3

5

H2DPP-co-ProDOT

3

3.1

0

1

7

13.8

2.5 Conclusion
Incorporating H2DPP into polymeric materials offers a scaffold with facile
synthesis and purification for conjugated polymers amendable to organic electronic
studies. H2DPP chromophores have been successfully incorporated into an electroactive
conjugated polymer while simultaneously reducing the synthetic complexity. This study
provides a route to a synthetically simple H2DPP monomer that is amendable to direct

41

arylation polymerization to demonstrate the first example of H2DPP being incorporated
directly into the main chain of a copolymer repeat unit. Thermal analysis shows that bulk
samples of H2DPP-co-ProDOT exhibit high thermal stability enabling applicability for thin
film studies. Electrochemical studies revealed the quasi-reversible redox nature of a
H2DPP-co-ProDOT film that displays yellow-to-black electrochromism with a relatively
low oxidation potential (~0.6 V vs. Ag/AgCl). H2DPP successfully demonstrates the
feasibility of generating electroactive materials while reducing the number of synthetic
steps with relatively benign reagents. This study provides a new approach for simplifying
the synthetic complexity commonly associated with generating conjugated polymers.
These findings motivate future investigations into expanding H2DPP copolymer design
motifs for sustainable organic electronic materials.
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CHAPTER 3
SIMPLE DONOR-ACCEPTOR CONJUGATED COPOLYMERS
ENABLED VIA PYRROLOPYRROLE
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3.1 Abstract
Over the decades, donor-acceptor conjugated polymers have achieved promising
performance metrics in numerous optoelectronic applications that continue to motivate
studying structure-property relationships and discovering new materials. However, this
increase in performance has simultaneously led to an increase in synthetic complexity such
that many high performing polymers require numerous synthetic steps while also
producing toxic/hazardous waste. Dihydropyrrolo[3,2-b]pyrroles (H2DPP) are a class of
electron rich monomers easily synthesized through a one-pot, aerobic synthesis, and
purified by simple filtration. Notably, H2DPPs are amenable to Pd-catalyzed crosscoupling reactions and polymerizations, such as direct arylation, to attain novel, tailorable
polymers. In this chapter, H2DPP monomers are directly incorporated into the main chain
of donor-acceptor (D-A) copolymers via direct hetero(arylation) polymerization for a set
of novel H2DPP-based conjugated polymers. These H2DPP-based D-A copolymers exhibit
strong absorbances across the visible spectrum evident by 𝜆467
345 values of 516 nm and 725
nm for thienopyrroledione (TPD) and diketopyrrolopyrrole (kDPP), respectively. The
absorbance tunability is attributed to intramolecular charge transfer characteristics dictated
by the donor-acceptor approach. Compared to similar design paradigms, H2DPP-based DA conjugated polymers offer facile tunability and are the amongst the most synthetically
simple D-A polymers while also minimizing the use of toxic reagents. Incorporation of
H2DPP into D-A conjugated polymers offers an electron-rich scaffold with facile synthesis,
purification, and tunability for conjugated polymers.
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3.2 Introduction
Conjugated polymers have gained significant attention as the active layer material
in organic electronic devices and have found applicability in OPVs, OLEDs, and
electrochromic devices.3–5,15,37,38 When designing conjugated polymers for optoelectronic
applications, the donor-acceptor (D-A) approach is commonly used by combining an
electron rich (donor) building block with an electron deficient (acceptor) building block.
This D-A design motif allows researchers to manipulate the energy band gap and promote
a push-pull effect of electrons upon photoexcitation.6,60 As researchers have sought higher
device performance, it was revealed that high performance polymers require an increasing
number of synthetic steps (upwards of 20 or more) which leads to a proportional increase
in synthetic complexity.10,13 As discussed in Chapter 1, poly((thieno)-co-6,7-difluoroquinoxaline) (PTQ10) significantly reduced the synthetic complexity for attaining high
performance D-A polymers in 3 synthetic steps without compromising device
performance. However, PTQ10 remained cost prohibitive due to the generation toxic
byproducts from the Stille polycondensation reaction.13 Therefore, there is a need to
discover monomers that enable access to simple D-A conjugated polymers while
minimizing extensive preparatory steps and/or generation of toxic by-products for
improved sustainability of conjugated polymer materials.
The simple synthesis of dihydropyrrolo[3,2-b]pyrrole (H2DPP) offers access to a
diverse family of chromophores with facile tunability. These molecular design motifs are
enabled by utilizing various anilines and aldehydes while remaining amendable to simple
purification methods, such as vacuum filtration. Through choice of functionalities on the
2,5-aryl groups, a molecular D-A H2DPP can be produced by using aldehydes with electron
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withdrawing groups, such as cyano- or coumarin functionalities.22,61 These designs enable
the applicability of H2DPP in organic electronics such as OPVs and OLEDs.22,33 H2DPP
also can be functionalized at the 1,4-aryl groups with various alkyl chains that render them
soluble in organic solvents. By including n-butyl or n-octyl chains on H2DPPs, H2DPP
chromophores exhibit high thermal stability (> 300 °C) and are solution processable. The
high thermal stability makes them amendable to post-processing annealing protocols
commonly used for thin film applications.25,61 These attributes, combined with simple
synthesis and purification, make H2DPP a promising candidate as a tailorable monomer
while also simplifying the synthetic complexity commonly associated with conjugated
polymers.
Motivated by the successful synthesis of the first H2DPP-based conjugated polymer
described in Chapter 2, I hypothesized that H2DPP would simplify the synthesis of D-A
conjugated polymers. This route would involve the use of dibrominated H2DPP monomers
analogous to the monomer described in Chapter 2 with the only structural alteration being
the choice of solubilizing side chains. Herein, I describe the first examples of H2DPP-based
D-A copolymers synthesized via direct hetero(arylation) polymerization (DHAP) with
thienopyrroledione (TPD) and dithieno-diketopyrrolopyrrole (kDPP) as the electrondeficient comonomers. Initial understanding of structure-property relationships of these
novel D-A polymers are investigated by understanding how monomer structures influence
synthetic accessibility as well as optical and thermal properties. Additionally, I quantify
the synthetic complexity revealing that H2DPP-based D-A polymers are amongst the
simplest D-A polymers when compared to commonly studied materials. Incorporation of
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H2DPP into polymeric materials offers a readily accessible and tunable scaffold for D-A
design paradigms without compromising final properties.
3.3 Materials and Methods
All chemicals were purchased from commercial sources and used as received unless
otherwise noted. N,N-Dimethylformamide (DMF) and cyclopentyl methyl ether (CPME)
were degassed with argon (Ar) for 15 min before use. 60 Å silica gel (200-400 mesh) was
used for column chromatography. 1H and

13

C NMR spectra were collected on a Bruker

Ascend 400 MHz NMR spectrometer with a nominal sample concentration of 10–15
mg/mL in CDCl3, CD2Cl2, or DMSO-d6. Peaks are referenced to the residual CHCl3 (1H: δ
= 7.26 ppm; 13C: δ = 77.23 ppm), CD2Cl2 peak (1H: δ = 5.23 ppm; 13C: δ = 53.84 ppm) or
DMSO-d6 peak (1H δ = 2.50 ppm). Solution and film absorbance spectra were acquired
using a Varian Cary 4000 dual beam UV-vis-near-IR spectrophotometer scanning from
300 to 900 nm. Solution UV-vis used solutions with nominal concentrations of 30-50
μg/mL in toluene or chlorobenzene. Temperature dependent absorbance spectrum was
acquired using a Varian Cary 100 Bio dual beam UV-vis-near-IR spectrophotometer
equipped with a temperature controller scanning from 300 to 900 nm. An H2DPP-co-TPD
film was deposited via manual blade coating a semi-viscous solution (~20 mg/mL) using a
Gardco Microm II Film Applicator. Thermal Gravimetric Analysis (TGA) measurements
were made using a PerkinElmer TGA 8000 heating across a temperature range of 30 °C to
900 °C with a heating rate of 5 °C/min. Thermal degradation temperature (Td) was obtained
at 5% mass loss of a 5-10 mg sample in a ceramic pan. Differential scanning calorimetry
(DSC) measurements were obtained using a Shimadzu DSC-60 with a heat-cool-heat cycle
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from 30 °C to 1% mass loss temperature (determined by TGA) at a heating rate of 10
°C/min.
3.3.1 General Procedure for Synthesizing Ether-Functionalized Anilines from
Acetaminophen

Scheme 3.1. General synthesis of ether-functionalized acetaminophen with the
corresponding alkyl bromides.

All ether-functionalized anilines were synthesized following a literature procedure
reported by Orodepo et al.62 with slight modifications. Acetaminophen (8.00 g, 53.0 mmol),
potassium iodide (KI) (0.439 g, 3.00 mmol), and K2CO3 (18.3 g, 133 mmol) were added to
a 250 mL three-neck round bottom flask equipped with a condenser and magnetic stir bar.
The flask was sealed with three rubber septa and rendered inert via 3 vacuum/refill cycles
with Ar. 2-Butanone (132 mL) was added to the flask for a reaction concentration of 1.2
M with respect to the acetaminophen and alkyl bromide. The mixture was lowered into a
preheated oil bath set to 90 °C for 30 minutes. After heating for 30 min, the alkyl-bromide
(106 mmol, 2.0 eq) was added to the flask via syringe and the reaction was set to run
overnight (~16-20 h). The following day, the reaction was removed from the oil bath and
cooled to room temperature. The reaction was suspended in 150 mL of water before
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extraction with ethyl acetate (3×30 mL). The combined ethyl acetate layers were washed
with water (3×100 mL), dried over anhydrous Na2SO4, and filtered. The organic phase was
concentrated via rotary evaporation to yield an amber-yellow oil. The crude product was
dried under vacuum overnight and used in the subsequent procedure without further
purification.

Scheme 3.2. Deprotection reaction for synthesizing ether-functionalized anilines via
acetyl-group hydrolysis.

The ether-functionalized acetaminophen (20 mmol) was transferred into a 100 mL
round bottom flask equipped with a magnetic stir bar and dissolved in 90% ethanol (48
mL). Concentrated HCl (18 mL) was then added to the reaction mixture dropwise and a
condenser was attached. The reaction was lowered into a preheated oil bath set to 90 °C
and the reaction was allowed to run overnight (~16-20 h). After stirring overnight, the
reaction was removed from heat and cooled to room temperature. The reaction mixture was
transferred to a beaker and diluted with ~100 mL of water. Aqueous NaOH (1.0 M) was
added to the mixture until pH paper indicated the solution was neutralized. The desired
product was extracted with DCM (3×50 mL), dried over anhydrous Na2SO4, and filtered.
The organic phase was concentrated via rotary evaporation to yield an amber oil. The crude
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product was dried under vacuum overnight and used in subsequent procedures without
further purification.
4-((2-ethylhexyl)oxy)-aniline (EtHxAniline): 2.48 g (56%). 1H NMR (400 MHz,
CDCl3), δ:0.83 (t, 6H), 1.24 (m, 8H), 1.35 (m, 6H), 1.58 (m, 1H), 3.35 (br s, 2H), 3.66 (d,
2H), 6.53 (d, 2H), 6.62 (d, 2H). 13C NMR (400MHz, CDCl3), δ: 10.85, 13.84, 23.07, 23.84,
29.08, 30.50, 39.52, 71.21, 115.52, 115.99.
4-((2-hexyldecyl)oxy)-aniline (HxDecAniline): 4.25 g (64%). 1H NMR (400
MHz, CDCl3), δ= 0.90 (t, 6H), 1.30 (br m, 20H), 1.44 (m, 4H), 1.76 (m, 1H), 3.42 (br s,
2H), 3.77 (d, 2H), 6.67 (d, 2H), 6.76 (d, 2H). 13C NMR (400MHz, CDCl3), δ: 14.12, 22.69,
26.83, 26.86, 29.34, 29.61, 29.72, 31.40, 31.88, 31.92, 38.08, 71.75, 115.71, 116.39,
139.72, 152.70.
3.3.2 General Procedure for Synthesizing Ether-Functionalized H2DPP

Scheme 3.3. Synthesis of ether-functionalized H2DPP using synthesized anilines.

All ether-functionalized H2DPPs were synthesized following procedure described
in Chapter 2 of this thesis. Ether-functionalized aniline (8.00 mmol), 4bromobenzaldehyde (1.48 g, 8.00 mmol), toluene (6 mL), and glacial acetic acid (6 mL)
were added to a 25 mL round-bottom flask equipped with a magnetic stir bar. The mixture
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was then heated and stirred for 1 h in an oil bath set to 50 °C. After an hour of heating,
Fe(ClO4)3⸱xH2O (85 mg) was added followed by 2,3-butanedione (0.35 mL, 4.00 mmol).
The final mixture was set to stir at 50 °C overnight with the flask open to air. After
approximately 16 h, the reaction was removed from the oil bath and allowed cool to room
temperature. The reaction precipitate was filtered via vacuum filtration and was washed
with chilled methanol followed by chilled acetone until only a pale-yellow powder
remained on the filter paper. The powder was collected and dried under vacuum overnight.
2,5-bis(4-bromophenyl)-1,4-bis(4-((2-ethylhexyl)oxy)phenyl)-1,4dihydropyrrolo[3,2-b]pyrrole (EtHxDPP): Yield: 1.07 g (37%). 1H NMR (400 MHz,
CDCl3), δ: 0.96 (t, 12H), 1.38 (m, 16H), 1.50 (m, 12H), 1.78 (m, 2H), 3.92 (d, 4H), 6.36
(s, 2H), 6.96 (d, 4H), 7.14 (d, 4H), 7.20 (d, 4H), 7.37 (d, 4H). 13C NMR (400MHz, CDCl3),
δ: 11.71, 14.13, 23.07, 23.87, 29.13, 30.54, 39.44, 70.78, 93.85, 115.03, 119.95, 126.54,
129.45, 131.27, 132.06, 132.50, 132.57, 134.93, 157.62. Analytical characterization agreed
with previously reported protocols.62
2,5-bis(4-bromophenyl)-1,4-bis(4-((2-hexyldecyl)oxy)phenyl)-1,4dihydropyrrolo[3,2-b]pyrrole (HxDecDPP): Yield: 1.74 g (47%). 1H NMR (400 MHz,
CDCl3), δ: 0.93 (br, 12H), 1.34 (br, 48 H), 1.81 (m, 2H), 3.87 (d, 4H), 6.34 (s, 2H), 6.93
(d, 4H), 7.10 (d, 4H), 7.19 (d, 4H), 7.34 (d, 4H). 13C NMR (400MHz, CDCl3), δ: 14.12,
22.69, 26.87, 29.34, 29.61, 29.70, 30.03, 31.40, 31.87, 31.92, 38.03, 71.26, 93.86, 115.06,
119.95, 126.54, 129.44, 131.27, 132.09, 132.52, 132.60, 134.94, 157.65. Anal. calc’d for
C61H82Br2N2O2: C 70.78, H 7.98, Br 15.44, N 2.71, O 3.09, Br . Found: C 71.17 H 8.07, N
2.70.
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3.3.3 General Procedure for Synthesis of Alkylated Dithieno-Diketopyrrolopyrrole
(kDPP) via Alkylation

Scheme 3.4. General alkylation procedure of kDPP.

kDPP (1.00 g, 3.33 mmol) and K2CO3 (1.85 g, 13.3 mmol) were added to a 50 mL
3-neck round bottom flask equipped with a magnetic stir bar and sealed with a rubber
septum. The flask was rendered inert via 3 vacuum/refill cycles with Ar. DMF (22.2 mL)
was added to the flask via syringe for a reaction concentration of 0.15 M with respect to
the kDPP starting material. The mixture was then heated and stirred for 1 h in an oil bath
set to 130 °C. After an hour of heating, the alkyl bromide (13.3 mmol, 4.00 eq.) was added
to the flask via syringe in one portion and the final mixture was stirred at 130 °C for 16-20
h. After the allotted time, the reaction was removed from the oil bath and allowed to cool
to room temperature. The reaction mixture was poured into ~200 mL of water and extracted
with DCM (3×50mL). The organic phase was washed with brine, dried over anhydrous
Na2SO4, and filtered. The organic phase was concentrated via rotary evaporation to yield a
dark-purple crystalline solid. The crude product was purified via column chromatography
using hexane:ethyl acetate (v/v = 19:1) as the eluent. Solvent from the collected fractions
was evaporated via rotary evaporation and the product was further purified via
recrystallization from ethanol. The resulting red solid was collected via vacuum filtration
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and then dried under vacuum overnight. Analytical characterization agreed with previously
published reports.
2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole1,4-dione (EtHxkDPP): Yield: (17%). 1H NMR (400 MHz, CD2Cl2), δ: 0.91 (t, 12H), 1.35
(m, 16H), 1.87 (m, 2H), 4.04 (d, 4H), 7.32 (t, 2H), 7.71 (d, 2H), 8.88 (d, 2H).
2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4c]pyrrole-1,4-dione (OcDokDPP): Yield: (19%). 1H NMR (400 MHz, CDCl3), δ: 0.90 (t,
12H), 1.23 (br, 64H), 1.93 (m, 2H), 4.03 (d, 4H), 7.29 (t, 2H), 7.64 (d, 2H), 8.89 (d, 2H)
3.3.4 Synthesis of 4H-thieno[3,4-c]pyrrole-4,6(5H)-dione (TPD) via Direct Imide
Formation

Scheme 3.5. Direct imide formation for synthesis of TPD.

TPD was synthesized following a literature procedure reported by Wolfe et al.63 To
a 50 mL round bottom flask, 3,4-thiophene dicarboxylic acid (3.44g, 20.0 mmol) and water
(2-3 mL) were added in addition to small pieces of glass that were used as boiling stones.
Concentrated aqueous ammonia (~14 mL, ~10.0 eq.) was then added to the flask slowly.
Upon addition of ammonia, the flask was heated slowly to dissolve the starting material
before being placed in an oil bath set to 130 °C. The reaction proceeded until all water and
excess ammonia were driven off. The remaining white, crystalline material was confirmed
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to be the diammonium salt via 1H NMR. The flask was then equipped with a short (3-4”)
air condenser sealed using Teflon tape and heated in a sand bath, at 260-280 °C for 3-4 h.
During this time, the product began to sublime to the top of the flask and into the condenser.
After ~4 h, the flask was pulled from the sand bath and cooled to room temperature. Solids
were collected using hot acetonitrile (low solubility) and the remaining insoluble materials
were removed via filtration. The solution containing TPD was then placed in a freezer for
~ 1 h to encourage precipitation. The precipitate was collected via vacuum filtration and
washed with water followed by chilled acetonitrile yielding a beige solid. The product was
dried under vacuum overnight and used in subsequent reactions without further
purifications. Spectroscopic analysis agreed with literature reports and confirmed a
successful synthesis.63
4H-thieno[3,4-c]pyrrole-4,6(5H)-dione: Yield 142 mg (5%) 1H NMR (400 MHz,
DMSO-d6), δ: 8.27 (s, 2H), 11.25 (s, 1H)
3.3.5

Synthesis

of

5-(2-octyldodecyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione

(OcDoTPD) via Alkylation

Scheme 3.6. Synthesis of OcDoTPD via alkylation.
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TPD (137 mg, 0.896 mmol) and K2CO3 (310 g, 2.40 mmol) were added to a 25 mL
3-neck round bottom flask equipped with a magnetic stir bar and sealed with a rubber
septum. The flask was rendered inert via 3 vacuum/refill cycles with Ar. DMF (9 mL) was
added to the flask via syringe for a reaction concentration of 0.1 M with respect to the TPD.
The mixture was then heated and stirred for 1 h in an oil bath set to 130 °C. After an hour
of heating, 9-(bromomethyl)nonadecane (0.5 mL, 1.34 mmol) was added via syringe in
one portion and the final mixture was stirred at 130 °C for 16-20 h. After the allotted time,
the reaction was removed from the oil bath and allowed to cool to room temperature. The
reaction mixture was poured into ~100 mL of water and extracted with ethyl acetate
(3×20mL). The organic phase was washed with brine, dried over anhydrous Na2SO4, and
filtered. The organic phase was concentrated via rotary evaporation to yield a yellow oil.
The crude product was purified via column chromatography using a gradient of
hexane:DCM (2:3 to 1:4) as the eluent. Solvent from the collected fractions was evaporated
via rotary evaporation to yield a yellow oil. The product was dried under vacuum overnight
and solidified to a waxy yellow solid. Yield: 228 mg (59%) 1H NMR (400 MHz, CDCl3),
δ: 0.90 (t, 6H), 1.27 (m, 32H), 1.87 (m, 1H), 3.52 (d, 2H), 7.28 (s, 2H).
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3.3.6 General Procedure for Synthesizing Donor-Acceptor H2DPP Polymers

Scheme 3.7. General polymerization procedure for H2DPP D-A copolymer via DHAP
using TPD or kDPP as the comonomer.

In Section 3.4, specific results and polymerization conditions for kDPP-based
polymers are listed in Table 3.1. For conventional polymerizations, ether-functionalized
H2DPP (200 mg), the Pd-catalyst (2 mol%), the ancillary ligand tricylcohexylphosphine
tetrafluoroborate (PCy3·HBF4) (2 mol%), PivOH (30 mol%), and Cs2CO3 (2 eq.) were
added to a 10 mL Schlenk flask equipped with a magnetic stir bar and sealed with a rubber
septum. The flask was rendered inert via 3 vacuum/refill cycles with Ar. Toluene (~5 mL)
was added to the flask via syringe for a reaction concentration of 0.1 M with respect to the
H2DPP and TPD or kDPP comonomers. The reaction flask was lowered into an oil bath set
to 110 °C and the reaction was allowed to proceed overnight (16 – 20 h).
When using a pressure vessel equipped with magnetic stir bar, all solid reagents
were added to the vessel followed by flowing Ar into the vessel for ~10 min to displace
atmospheric air. While under Ar, toluene or CPME (~5 mL) was added to the vessel via
syringe for a reaction concentration of 0.1 M with respect to the H2DPP and TPD or kDPP
comonomers. Immediately after solvent addition, the pressure vessel cap was securely
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fastened by hand while flowing Ar around joint. The reaction was lowered into an oil bath
set to 130 °C and the reaction was allowed to proceed overnight (16 – 20 h).
Extraction and purifications followed the procedure described below for both
reaction conditions. After the allotted time, the reaction flask was removed from the oil
bath and cooled to room temperature. The reaction mixture was precipitated into an
excessive amount of MeOH (~175 – 200 mL) and stirred for 1 h. The precipitate was then
filtered into a Soxhlet thimble, and the polymer was purified via subsequent washes with
MeOH and acetone before extraction with the appropriate solvent (chloroform or toluene).
Extraction details are specified below for polymers that reached desired molecular weights.
The extracted solution was concentrated via rotary evaporation and then reprecipitated into
MeOH. The precipitate was then filtered via vacuum filtration, washed with MeOH, and
dried under vacuum overnight.
HxDecDPP-co-OcDokDPP: The polymer was washed further with CHCl3
followed by extraction with toluene. Due to limited solubility, NMR spectra were acquired
using a lower molecular weight HxDecDPP-co-OcDokDPP polymer (8.6 kg/mol). Yield:
318 mg (96%). Mn= 30.5 kg/mol, Đ = 2.5, 1H NMR (400 MHz, CDCl3), δ = 0.80-0.95 (br),
1.14-1.27 (br, s), 1.27-1.55 (br), 3.88 (br, d), 4.07 (br, d), 6.44 (br, s), 6.91- 7.00 (br), 7.257.32 (br), 7.44 (br, d), 7.55 (br, d), 7.63 (d), 8.87 (br, d), 8.97 (t). Anal. calc’d for
C116H170N4O4S2: C 79.58, H 9.90, N 3.20, O 3.66, S 3.66. Found: C 79.87, H 9.69, N 3.28,
S 3.44.
HxDecDPP-co-OcDoTPD: The polymer was extracted with CHCl3. Yield: 252 mg
(99%). Mn= 74.6 kg/mol, Đ = 3.5, 1H NMR (400 MHz, CDCl3), δ = 0.92 (br,t), 1.21-1.56
(br), 1.87-1.95 (br), 3.57 (br, d), 3.89 (br, d), 6.45 (br, s), 6.95 (br, d), 7.26 (br, d), 7.32 (br,
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d), 8.05 (br, d). Anal. calc’d for C88H125N3O4S: C 79.83, H 9.63, N 3.21, O 4.88, S 2.45.
Found: C 79.02, H 9.42, N 3.25, S 2.20.
3.4 Results and Discussion
Here, I report my work on a set of H2DPP-based D-A polymers with facile
tailorability that are synthesized using green chemistry considerations to achieve high
molecular weight with tunable absorbance characteristics. As mentioned in Chapter 2,
initial attempts at synthesizing a H2DPP-based D-A polymer, DecylDPP-co-OctylTPD,
were met with solubility hurdles leading to inconclusive elucidation of structure-property
relationships. These solubility issues led to polymeric materials believed to be DecylDPPco-OctylTPD exhibiting bimodal molecular weight distributions from SEC measurements
and various absorbances profiles dependent on polymerization conditions (Figure 3.1). The
multimodal distribution and inconsistent optical properties enforce the notion that decyland octyl-chains are not sufficient for synthesizing H2DPP-based D-A polymers with
adequate solubility. To overcome this solubility limit, H2DPP and its comonomer required
functionalization with longer and/or bulkier (branched) solubilizing side chains than decyl
or octyl functionalities.
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Figure 3.1. (a) High-temperature SEC (HT-SEC) measurements of material believed to be
H2DPP-co-TPD recovered from Soxhlet thimbles after polymerization in various solvents.
(b) UV-vis absorbance spectra of H2DPP-co-TPD copolymers synthesized in various
solvents. HT-SEC measurements were performed using o-trichlorobenzene as the eluent at
135 °C with a flow rate of 1 mL/min. UV-vis absorbance measurements were recorded for
polymers dissolved in chlorobenzene by scanning from 350 nm to 800 nm.

As mentioned in Chapter 2, the overall 8% yields and poor atom economy of
alkylating dihydroxy-DPP motivated the choice to use acetaminophen as a new starting
material for introducing solubilizing handles to H2DPP monomers. As shown in Scheme
3.8, acetaminophen enables a more robust synthetic pathway for side chain engineering
that exploits a two-step process starting with the alkylation of acetaminophen followed by
deprotection via hydrolysis of the acetyl group. Column chromatography was omitted from
the intermediate synthetic step since the inherent solubility differences at room temperature
between alkyl-functionalized anilines and 4-aminophenol allowed for relatively easy
separation during liquid-liquid extraction. TLC showed no 4-aminophenol remained in the
organic phase after extraction of functionalized anilines. With this pathway, 4-(2(ethylhexyloxy)aniline (EtHxAniline) and 4(2-(hexyldecyl)oxy)aniline (HxDecAniline)
were successfully synthesized and verified via NMR (Figures B.1-3). EtHx- and
HxDecAniline were subsequently used in the Fe(III)-catalyzed multicomponent reaction
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with 4-bromobenzaldehyde to generate EtHxDPP and HxDecDPP with yields of 37% and
47%, respectively. These solids were purified via vacuum filtration and structure and purity
were verified via NMR (Figures B.5-8).

Scheme 3.8. Overall synthetic scheme for synthesizing tailorable organic solubilizing
H2DPP monomers through (a) alkylation and deprotection of acetaminophen and (b) the
Fe(III)-catalyzed multicomponent reaction described in Chapter 2.

Thienopyrroledione (TPD) and bisthieno-diketopyrrolopyrrole (kDPP) represent
promising electron-deficient comonomers for polymerization with H2DPP to access D-A
copolymers. This stems from these comonomers being successfully incorporated in D-A
copolymers via DHAP and have been studied for many organic applications, including
OPVs and OLEDs.63–67 Combined, these characteristics motivated their selection for
synthesizing and understanding structure-property relationships of D-A H2DPP based
copolymers.
Stemming from the motivation to use TPD and kDPP as comonomers, I first had to
resolve the solubility limitation described above. I began by functionalizing kDPP with 2-
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ethylhexyl (EtHx-) or 2-octyldodecyl (OcDo-) alkyl chains followed by polymerization
with DecylDPP or HxDecDPP using the anhydrous DHAP conditions illustrated in Scheme
3.9 and reported in Table 3.1. As listed in Table 3.1, Entry 1 yielded mostly insoluble
material meaning EtHx solubilizing chains are insufficient for attaining soluble H2DPPco-kDPP copolymers. Entry 2 involved using EtHx chains on both comonomers and
yielded identical proportions of insoluble materials to Entry 1 indicating larger, branched
side chains are required. Entry 3 and 4 used OcDo chains on the kDPP monomer and Dec
or HxDec on H2DPP, respectively, which yielded soluble fractions in 62% and 96%,
respectively. However, their number-average molecular weights (Mn) were insufficient for
observing fully saturated electronic properties.
The anhydrous DHAP condition was finally optimized by replacing toluene with
cyclopentyl methyl ether (CMPE), a green solvent derived from biomass,68 and performing
the reaction in a pressure vessel. The optimized conditions yielded a dark blue polymer, as
shown in Entry 5, in 96% yield with a Mn of 30.5 kg/mol vs polystyrene standards, and a
dispersity (Mw/Mn) of 2.5 as determined via GPC. Due to the limited solubility of final
HxDecDPP-co-OcDokDPP (Entry 5), its lower molecular weight analogue was used for
NMR analysis to verify successful incorporation of monomers as an alternating copolymer.
As shown in Figure 3.2, the SEC elugram exhibits a monomodal molecular weight
distribution indicating that the previous solubility limitation has been overcome while
maintaining a controlled polymerization. The resulting polymer retains the pyrrolic
hydrogen located at 6.38 ppm and the hydrogens corresponding to the thienyl protons of
the kDPP comonomer at 7.29 ppm were converted from triplets to doublets (see Figures
B.7, B.10, and B.11). Purity and composition were further verified with elemental analysis
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that show similar values for expected and determined elemental composition. In total, these
results confirm the first successful synthesis of an H2DPP-containing D-A copolymer.

Scheme 3.9. (a) Synthetic pathway for alkylation of kDPP with organic solubilizing
handles. (b) General DHAP polymerization for synthesizing H2DPP-co-kDPP polymers.
Results for specific conditions are listed in Table 3.1.

Table 3.1. Overview of synthetic efforts for developing organic soluble H2DPP-co-kDPP
polymers.
H2DPP
kDPP
Entry Side Chain Side Chain
1

-C10H21

-EtHx

2a

-EtHx

-EtHx

3a

-C10H21

-OcDo

4a

-HxDecoxy

-OcDo

5a

-HxDecoxy

-OcDo

Catalyst/
Ligand
Pd(OAc)2
PCy3·HBF4

Solvent/
Soluble
Temp (°C) Yield (%)
Toluene
11
110

Pd(OAc)2

Toluene

PCy3·HBF4

130

Pd(OAc)2

Toluene

PCy3·HBF4

130

Pd2(dba)3

Toluene

PCy3·HBF4

130

Pd(OAc)2

CPME

PCy3·HBF4
130
a
These reactions were performed in a pressure vessel.

62

Mn
(kg/mol)
---

12

---

62

2.3

96

8.6

96

30.5

Figure 3.2. SEC elugram for HxDecDPP-co-OcDokDPP using chlorobenzene as the eluent
at 135 °C with a flow rate of 1 mL/min.

After the successful polymerization of H2DPP with kDPP, I turned to incorporating
H2DPP into a polymer with TPD as the comonomer. TPD was synthesized using a direct
imide formation reaction63 and subsequently alkylated with 9-(bromomethyl)nonadecane
to yield 2-OctylDodecyl-TPD (OcDoTPD) as described in Scheme 3.10(a). OcDoTPD was
then purified via column chromatography and verified via NMR (see B.13). As shown in
Scheme 3.10(b), using the optimized anhydrous DHAP condition developed for
HxDecDPP-co-OcDokDPP, HxDecDPP-co-OcDoTPD was successfully synthesized with
a 99% yield, Mn of 74.6 kg/mol, and a Mw/Mn =3.0 as determined by GPC (see Figure
B.16). The GPC trace for this polymer also showed a monomodal distribution,
demonstrating the solubility constraints described at the beginning of this Chapter have
been overcome. Structure, purity, and composition were further verified using 1H NMR
and elemental analysis indicating a successful synthesis of HxDecDPP-co-TPD.
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Scheme 3.10. (a) Synthetic pathway to produce OcDoTPD and, (b) polymerization of
HxDecDPP with OcDoTPD using optimized anhydrous DHAP conditions.

The use of conjugated polymers in optoelectronic devices, such as OPVs, motivated
my investigations into the absorbance properties of D-A H2DPP-based polymers using UVvis absorbance spectroscopy. As show in Figure 3.3, the H2DPP-co-kDPP polymer exhibits
a dual-band absorbance profile. The high energy (~380 nm) and low energy bands (~550725 nm) are attributed to the π-π* transition and intramolecular charge transfer (ICT),60
respectively. As the molecular weight increases from Entry 1 to Entry 5, the low energy
band exhibits a broadening phenomenon and a noticeable red shift in their respective 𝜆467
345
and absorbance onset. It should be noted that a similar but significantly smaller occurrence
can be seen in the high energy band even though it exhibits less dependence on polymer
molecular weight. When comparing Entry 4 and 5, both traces exhibit similar high energy
absorbance bands with a 𝜆467
345 ~384 nm. Where these two differ is in the low energy ICT
band, with Entry 5 exhibiting a broad absorbance band with a bimodal absorbance feature
that is absent for its lower molecular weight counterpart. This is attributed to a higher
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degree of aggregation between polymer chains, which increases the overall ICT69
stemming from higher molecular weight. Entry 5 exhibited temperature dependent
aggregation in dilute solutions as illustrated in Figure 3.3(b). The polymer exhibits
thermochromic behaviors that shifts from a bimodal band to a more uniformed band with
increase temperature. As the absorbance shifts from a 𝜆467
345 725 nm at 25 °C to 646 nm at
100 °C, the aggregated polymer become disrupted indicating that the polymer chains are
better solubilized.70 Combined, these changes further emphasize the importance of
synthetic conditions, monomer purity, and solubilizing functionalities when designing
conjugated polymers.

Figure 3.3. (a) Solution absorbance spectra of H2DPP-co-kDPP in dilute chlorobenzene or
toluene solutions showing the evolution of H2DPP-co-kDPP as a function of the Mn. (b)
Temperature dependent absorbance spectra of HxDecDPP-co-OcDokDPP in toluene
heating from RT to 100 °C.

As shown in Figure 3.4, HxDecDPP-co-OcDoTPD exhibits a single absorbance
band when dissolved in toluene (~30 μg/mL) with a 𝜆467
345 of 516 nm corresponding to its
π-π* transition.71 The lack of an ICT low energy absorbance band is consistent with other
TPD-based polymers.72 HxDecDPP-co-OcDoTPD also emits a vibrant orange light when
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exposed to UV light. Since conjugated polymers are commonly processed as thin films for
organic electronic devices, I was motivated to investigate my polymers processability and
properties when cast as a thin film. I successfully deposited a thin film via blade coating
using a ~20 mg/mL toluene solution of HxDecDPP-co-OcDoTPD. As the solvent
evaporated and the polymer transitioned from solution to solid-state, the perceived color
of the polymer changed from an orangish-red in solution to a vibrant, deep red as a thin
film. As a thin film, HxDecDPP-co-OcDoTPD exhibited a slight red shifted absorbance
compared to solution absorbance, resulting in a 𝜆467
345 of 519 nm, a lower absorbance onset,
and broader absorbance profile. This absorbance broadening is attributed to an increased
π-π interaction between polymer chains resulting in a narrower energy band
gap.73 Combined, these findings reveal the feasibility of manufacturing thin films with
H2DPP-based D-A polymers that will be useful for their incorporation into organic
electronics, such as OPVs, OLEDs, or electrochromics.

Figure 3.4. UV-vis absorbance spectra of HxDecDPP-co-OcDoTPD in solution (black)
with a nominal concentration of ~50 μg/mL and a manually bladed-coated polymer film
(red). Pictures in the inset show the polymer solution and deposited film and are presented
without manipulation.
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Thermal properties of D-A H2DPP-based polymers, such as degradation
temperature (Td), glass transition (Tg), and crystallization temperature (Tc), were
investigated using TGA and DSC, respectively. TGA was used to determine the
degradation temperature of my polymers by measuring the mass loss as a function of
temperature. Figure 3.5 (a) shows the TGA traces that indicate HxDecDPP-co-OcDokDPP
and HxDecDPP-co-OcDoTPD have degradation temperatures of 370 °C and 339 °C,
respectively. TGA also gives insight, and supports my NMR and elemental analysis results,
to the purity of the resulting polymers evident by the level trace from r.t. to ~300 °C. DSC
measurements show no thermal transition within the experimental range revealing that
these polymers are amorphous as bulk samples (Figure 3.5(b)). The high thermal stability
of these polymers makes them amendable to post-processing annealing protocols
commonly used for the preparation of organic electronics, further motivating the continued
study of this novel class of conjugated polymers.

Figure 3.5. (a) Thermal gravimetric analysis of HxDecDPP-co-OcDokDPP (black) and
HxDecDPP-co-OcDoTPD (red) ramping from 30 – 900 °C at a rate of 10 °C/min. The
mass loss at Td is consistent with the loss of solubilizing side chains from H2DPP, kDPP,
and TPD. (b) Differential scanning calorimetry trace of HxDecDPP-co-OcDokDPP (black)
and HxDecDPP-co-OcDoTPD (red) (second heating cycle).
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The overarching goal for this project was to demonstrate the simplified synthesis
of D-A conjugated polymers. As discussed in Chapter 1, Po et al. developed Equation 1.1
to quantify the synthetic complexity for the synthesis of conjugated polymers. This study
benchmarks many D-A polymers and provides numerous systems for comparing my
polymers to the field.10 As shown in Table 3.3, the average SC for D-A polymers
synthesized with kDPP and TPD comonomers is 48.0 and 41.8, respectively. The synthetic
complexity of HxDecDPP-co-OcDokDPP and HxDecDPP-co-OcDoTPD is 22.1 and 28.9,
respectively, which were calculated using the parameters laid out by Po and coworkers.
When compared to other D-A conjugated polymers, HxDecDPP-co-OcDokDPP and
HxDecDPP-co-OcDoTPD are more synthetically complex than PTQ10 and its costeffective variant reported by You et al.11,13 However, HxDecDPP-co-OcDokDPP and
HxDec-co-OcDoTPD decrease the number of synthetic steps to synthesize kDPP and TPD
D-A copolymers by half which results in significantly less synthetic complexity compared
to the average SC of analogous copolymers. Combined, I have demonstrated H2DPP as
viable monomer to simplify the synthesis of D-A conjugated polymers without sacrificing
the ability to readily manipulate polymer properties. While my polymers are not the most
synthetically simple, my work removed the need for toxic reagents and synthesized these
polymers via DHAP using a renewable solvent (CPME).
!""

𝑆𝐶 = 35 !""

!"#

#$% (())

+ 25 #$% (()

!"# )

!+,

+ 15 !+,

!"#

68

!--

+ 15 !--

!"#

!.-

+ 10 !.-

!"#

(1.1)

Table 3.2. Synthetic complexity analysis and comparison to common D-A polymeric
design.
Entry

Polymer

NSS

RY

NUO

NCC

NHC

SC

1

kDPP D-A Polymer Avg.

9

9.6

15

4

22

41.5

2

TPD D-A polymer Avg.

10

12.7

18

5

26

48.0

3

HxDecDPP-co-OctDokDPP

5

7.2

2

1

5

22.1

4

HxDecDPP-co-OctDoTPD

6

19.0

1

1

6

28.9

5

PTQ10

3

1.1

5

1

6

9.7

6

Cost-Effective PTQ10

5

2.1

8

1

9

18.4

3.5 Conclusion
H2DPP-based donor-acceptor polymers have been demonstrated to be amongst the
most synthetically simple designs that also removes the need for toxic, organometallic
cross-coupling reagents. This study provides a route for synthesizing H2DPP monomers
amenable to green chemistry polymerizations (DHAP) to demonstrate the first examples
of H2DPP donor-acceptor copolymers. It should be noted that both final polymers were
successfully synthesized in cylcopentyl methyl ether, a biomass-based renewable solvent,
further emphasizing capabilities of this design for sustainable materials. Their high thermal
stability, Td ≥ 300 °C, makes them amendable to post-processing annealing protocols
commonly used for thin films optoelectronics studies. As evident from UV-vis absorbance
studies, H2DPP-co-TPD and -kDPP exhibit strong π-π interactions and intramolecular
charge transfer, demonstrating their potential applicability in organic electronic devices.
These findings motivate future investigations into expanding H2DPP donor-acceptor
design motifs while understanding their respective device performance.
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CHAPTER 4
SUMMARY, FUTURE WORK, AND CONCLUSION
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4.1 Summary
The work I described in this thesis demonstrates the first examples of incorporating
dihydropyrrolo[3,2-b]pyrrole (H2DPP) monomers directly into the main chain of a polymer
repeat unit and provides baseline synthesis-structure-property relationships for H2DPPbased copolymers. The first accomplishment I described in Chapter 2 is the synthesis of an
H2DPP comonomer amendable to palladium-catalyzed polymerizations and successfully
incorporating it into a polymer repeat unit via direct (hetero)arylation polymerization
(DHAP). Furthermore, the simple synthesis of H2DPP chromophores reduced the overall
synthetic complexity for conjugated polymers and removed the need for toxic reagents. My
work demonstrated that H2DPP-based copolymers can 1) reduce the synthetic complexity
of conjugated polymers and eliminate toxic reagents, 2) have their properties manipulated
such that they are suited for myriad optoelectronic studies and, 3) yield electroactive
copolymers with potential applicability in organic electronic devices. This first
accomplishment is noteworthy because it presents a simple synthetic route for accessing
synthetically addressable, electron-rich monomers that can be synthesized from anilines
and aldehydes, purified without column chromatography, and are amendable to Pdcatalyzed polymerizations to attain copolymers with expansive tailorability.
Last, I presented the first examples of H2DPP being directly incorporated into the
backbone of donor-acceptor (D-A) copolymers. This was accomplished by optimizing side
chain functionalities and coupling H2DPP monomers with electron-deficient comonomers
via DHAP. This new class of conjugated polymers exhibited tunable optical properties
across the visible spectrum along with high thermal stability through choice comonomer
and side-chain functionality, respectively. Specifically, I described the synthesis of low
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bandgap

polymers

by

using

electron-deficient

thienopyrroledione

(TPD)

and

diketopyrrolopyrrole (kDPP) comonomers that yielded polymers with thermal and optical
properties suitable for organic electronic devices. With careful side chain engineering,
these H2DPP-based D-A copolymers are processable from organic solvents, which will
enable studying these systems as thin films. Combined, these characteristics motivate
further investigation into organic device applications, such as photovoltaics and
electrochromics.
The first hurdle remaining for the advancement of H2DPP-based polymers is further
understanding of the monomer polymerization compatibility versus resulting polymer
solubility. Solubility is necessary for thorough structural characterization as well as
solution processing. For example, “Generation 1 poly(H2DPP)” described in Chapter 2,
H2DPP-co-ProDOT exhibits slight difficulty when processing from solution alluding to the
potential limit of linear alkyl solubilizing chains. As I presented in Chapter 3, side chain
engineering will help address this issue to expand the structural diversity of D-A
copolymers, for example, while also providing a synthetic handle for influencing the
resulting solid state properties during film studies.
Another drawback to be addressed are the large dihedral angles through the
polymer chain. 2,5-PhenyleneH2DPP monomers possess large dihedral angles (~35°)
between the pyrrolopyrrole core and its flanking phenylene rings. These large angles
disrupt the conjugated pathway along the polymer backbone and may result in undesirable
properties during device studies. For example, the yellow-to-black electrochromism
described in Chapter 2 is likely attributed to inefficient conversion between aromatic
(neutral) and quinodal (oxidized) character with increasing oxidation potential. Should
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redox-active H2DPP copolymers be studied as high-contrast electrochromes, for example,
decreasing the dihedral along the polymer backbone would aide in the ability of these
materials to switch between colored neutral and transmissive oxidized states. Furthermore,
the H2DPP donor-acceptor polymers described in Chapter 3, H2DPP-co-TPD and H2DPPco-kDPP exhibit narrower band gaps due to intramolecular charge transfer and strong π-π
interactions, respectively, that display varying degrees of aggregation in solution and the
solid state. These interchain interactions play a significant role in macromolecular
properties and are likely influenced by the dihedral angle of the 2,5-phenylene rings, thus,
having the ability to manipulate sterics along the polymer backbone will be important.
Thiophene is known to possess a higher degree of planarity in the backbone of conjugated
polymers, which makes it a logical choice to replace the 2,5-phenylene rings in H2DPPbased polymers. Combined, continued design optimization of solubilizing handles and
chemical identity will be beneficial to further demonstrate H2DPP as a useful building
block for exploiting “simple” polymer synthesis to attain advanced materials with targeted
properties.
4.2 Future Work
The work I have described in this thesis provides precedence for continuing to study
H2DPP-based materials for optoelectronic properties. As previously alluded to, the large
dihedral angles of the 2,5-phenylene rings on H2DPP prevents stronger π-π interactions.
Because π-π interactions govern optical and electrical properties, and by extension device
performance, it becomes compelling to replace these phenylene rings with thiophene rings
to impart a higher degree of planarity along the polymer backbone. As shown in Scheme
4.1, initial reactions with 5-bromothiophene-2-carbaldehyde reveal the feasibility of
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synthesizing a new class of H2DPP-based monomers, although yields are lower compared
to their benzaldehyde counterparts and solubility issues arise when attempting
polymerizations. Therefore, a side chain engineering approach, like my work described in
Chapter 3, is required, and recommended here, to further develop dithienyl-H2DPP
monomers.

Scheme 4.1. Synthetic route for accessing dithienyl-H2DPP functionalized with various
solubilizing side chains.

Upon further examination of the literature, and based on my own experiences, the
multicomponent reactions used to synthesize H2DPP molecules and monomers display
higher reaction yields with increasingly stronger electron withdrawing groups attached to
the benzaldehyde. This phenomenon makes me speculate that the electron-rich nature of
the thiophene is a contributing factor causing the decreased yields for thienyl-H2DPPs.
Therefore, I hypothesize that utilizing an electron-deficient thiophene, such as
thienopyrroledione (TPD), will yield a H2DPP chromophore with 2,5-functionality that
decreases the monomers dihedral angle without extensive screening of solubilizing side
chains. Furthermore, the nitrogen in the TPD moiety is synthetically accessible for
functionalization with numerous solubilizing handles which will aid in obtaining H2DPPbased monomers and polymers with adequate solubility and enable accurate
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characterization and ultimately processing. Upon successful synthesis, this will lead to
establishing novel H2DPP D-A molecules that are amenable to Pd-catalyzed cross-coupling
reactions while simultaneously spurring new research directions for both molecular and
polymeric systems. This design motif will enable a new approach for tuning H2DPP-based
materials for organic electronic applications and provide access to new simple polymers
with tailorable functionalities.
To incorporate the TPD moiety at the 2,5-positions of H2DPP, I propose
synthesizing

5-alkyl-4,6-dioxo-5,6-dihydro-4H-thieno[3,4-c]pyrrole-1-carbaldehyde

(CHO-TPD), since this molecule is not commercially available. As shown in Scheme
4.1(a), a one-step synthesis using n-butyllithium (n-BuLi) in DMF followed by an acidic
work up with hydrochloric acid (HCl) will yield CHO-TPD while maintaining a low
synthetic complexity (SC) for the resulting polymers by minimizing monomer preparation
steps. Should this approach be unsuccessful or produce CHO-TPD in insufficient yield,
cyanation followed by reduction of the 2-position of the TPD heterocycle will be pursued.
The proposed approach involves using chlorosulfonyl isocyanate (CSI) to introduce the
cyano functionality that will undergo reduction with diisobutylaluminum hydride
(DIBAL). These additional steps, however, will increase the SC slightly but are not
expected to have a significant impact on the overall polymer complexity. Following the
synthesis of CHO-TPD, various alkyl or/and alkyl ether anilines will be used in the Fecatalyzed multicomponent reaction described through this thesis to produce a H2DPP
monomer with flanking TPD moieties (TPD-DPP), as shown in Scheme 4.1(b). Finally,
polymerization via direct (hetero)arylation using TPD-DPP as a comonomer will be
pursued with thiophene, dialkylthiophene, and propylenedioxythiophene to synthesize the
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first alternating D-A H2DPP-based polymers without a phenylene linkage. This idea of
dithiophene moieties on H2DPP will enable access to a new class of chromophores and
polymeric materials with new and perhaps useful properties, which will be an impactful
contribution for researchers studying organic electronics.

Scheme 4.2. a) Proposed synthetic routes for accessing 2-carbaldehyde-TPD. b) Fecatalyzed, multicomponent reaction to synthesize a novel class of A-D-A H2DPP
chromophores. c) General polymerization protocol for alternating D-A H2DPP-based
copolymers for future optoelectronic materials. R represents general solubilizing groups
such as alkyl or/and alkyl-ether (linear or branched) side chains.
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4.3 Conclusion
Overall, this work has established foundational structure-property relationships of
H2DPP-based copolymers that are essential for continued study of H2DPP as a simple
building block for conjugated polymers. Beyond fundamental structure-propertyrelationship studies, my thesis work has provided a synthetic route that generates
conjugated polymers that are less synthetically complex than a large percentage of
published polymer systems. I accomplished this by demonstrating the ability to incorporate
H2DPP chromophores into the main chain of a polymer while reducing the synthetic
complexity of conjugated polymers. My initial hypothesis was confirmed, specifically, that
the synthesis of H2DPP chromophores reduces the synthetic complexity of conjugated
polymers without sacrificing the ability to access desirable properties. My work provides
motivation for further investigation of dihdryopyrrolo[3,2-b]pyrrole as the electron-rich
component of conjugated polymers and continued understanding of design-structureproperty relationships for simple and functional organic electroactive materials.
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Appendix A-Chapter 2: Demonstration of Pyrrolopyrrole as a Viable Monomeric
Building Block for Synthetically Simple Conjugated Polymers

NMR Spectroscopy

Figure A.1. 1H NMR (400 MHz, 25 °C, CDCl3) of DioctylProDOT.
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Figure A.2. 1H NMR (400 MHz, 25 °C, CDCl3) of Br2DPP.

Figure A.3. 13C NMR (400 MHz, 25 °C, CDCl3) of Br2DPP.
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Figure A.4. 1H NMR (400 MHz, 25 °C, CDCl3) of H2DPP-co-ProDOT.

Gel Permeation Chromatography

Figure A.5. SEC elugram for H2DPP-co-ProDOT using CHCl3 as the eluent at 35 °C with
a flow rate of 1 mL/min.
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Appendix B-Chapter 3: Simple Donor-Acceptor Conjugated Copolymers Enabled via
Pyrrolopyrrole

NMR Spectroscopy

Figure B.1. 1H NMR (400 MHz, 25 °C, CD2Cl2) of EtHxAniline.
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Figure B.2. 13C NMR (400 MHz, 25 °C, CD2Cl2) of EtHxAniline.

Figure B.3. 1H NMR (400 MHz, 25 °C, CDCl3) of HxDecAniline.
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Figure B.4. 13C NMR (400 MHz, 25 °C, CDCl3) of HxDecAniline.

Figure B.5. 1H NMR (400 MHz, 25 °C, CDCl3) of EtHxDPP.
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Figure B.6. 13C NMR (400 MHz, 25 °C, CDCl3) of EtHxDPP.

Figure B.7. 1H NMR (400 MHz, 25 °C, CDCl3) of HxDecDPP.
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Figure B.8. 13C NMR (400 MHz, 25 °C, CDCl3) of HxDecDPP.

Figure B.9. 1H NMR (400 MHz, 25 °C, CD2Cl2) of EtHxkDPP.
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Figure B.10. 1H NMR (400 MHz, 25 °C, CDCl3) of OcDokDPP.

Figure B.11. 1H NMR (400 MHz, 25 °C, DMSO-d6) of TPD.
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Figure B.12. 1H NMR (400 MHz, 25 °C, CDCl3) of OcDoTPD.

Figure B.13. 1H NMR (400 MHz, 25 °C, CDCl3) of HxDecDPP-co-OcDokDPP with a
Mn of 8.6 kg/mol.
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Figure B.14. 1H NMR (400 MHz, 25 °C, CDCl3) of HxDecDPP-co-OcDoTPD.
Gel Permeation Chromatography

Figure B.15. SEC elugram for HxDecDPP-co-OcDoTPD using CHCl3 as the eluent at 35°C
with a flow rate of 1 mL/min.
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